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Abstract 
Marama bean is a non-nodulating perennial legume native to the nutrient-poor soils of the 
Kalahari Sands. In Botswana and Namibia, it is the staple food of the Khoisan people. 
Marama bean, however, still have not been cultivated or established as an agricultural 
crop in these countries. This study investigated soil factors affecting the distribution and 
growth of marama bean in the field and how it would respond to additional Nand P 
supply both under field and glasshouse conditions. The study then attempts to explore 
and understand the mechanisms employed by marama bean to acquire high nutrient 
concentration in its organs. Results from soil analysis showed that soils in which wild 
marama bean plants grow are poor in nutrients especially nitrogen. Total nitrogen was 
less than 0.06 % and soil organic matter was below 0.45 %. Macronutrients such as 
calcium and magnesium appears to playa significant role in the distribution of marama 
bean as soils obtained from marama bean-growing sites were richer in these elements 
compared to soils obtained from non-marama bean growing sites. Soil pH also appears to 
influence marama bean growth and distribution. When marama bean plants grown in the 
glasshouse were supplied with NO} , growth was generally better at high than at low 
NO}- concentrations. Chlorophyll concentrations, tuber fresh weights, plant dry matter 
and % N in tubers significantly (P :::;0.05) increased with increased nitrate supply. Nitrate 
application also increased concentrations ofP, Ca, Mg, and K, but resulted in decreased 
concentrations of soluble sugars. Application of NO} in the field also increased tuber 
fresh and dry weights of mar am a bean. Unlike N, P supply did not have a significant 
effect on marama bean growth. When marama bean preference for the form ofN was 
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tested by supplying plants with 2 mM N03-, 2 mM NH/ or 1 mM NH4N03 in the 
glasshouse, the results showed that it was able to utilize all fonus ofN efficiently. 
When the source ofN used by marama bean in the field and reference plants within its 
surroundings was analysed using the 15N natural abundance method, the results showed 
similar (j 15N values for marama bean and non-legume species growing within its vicinity. 
In a separate study using 15N labeling technique, it was shown that marama bean took up 
more 15N when the 15NO)- concentration in the rooting medium was low compared to 
when it was high, with a larger proportion of assimilated 15N stored in tubers than in 
leaves and stems. 
There was no trend found between soil N levels and marama bean distribution and it can 
be concluded from this study that growth and distribution of marama bean plants in the 
field is not closely associated to soil N or that soil N is not the determinant factor of 
where marama bean grows. However, more sampling with many control sites in both 
countries need to be carried out to be able to draw definite conclusions. In addition, the 
influence of other factors, such as land use and habitat, competition, herbivory, dispersal 
ability and genetic factors on marama bean growth and distribution need to be 
investigated. The study on the response of marama bean to external supply ofN and P 
indicated that it indeed benefited from additional N, but not from P, suggesting that N 
fertilization will be required for improved growth yields, ifmarama bean is to be 
cultivated as a crop plant. The fact that P supply did not have a significant effect on 
marama bean growth could mean that marama bean has a low P requirement. 
Although it was found in this study that marama bean have similar 015N values as plant 
growing in its surrounding, it should be noted that (j15N values are a tricky indicator ofN 
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source and that high bN signal could be due to other factors such as mycorrhizal 
association. Studies ofN allocation to organs suggest that marama bean efficiently 
concentrates nutrients in its organs and utilizes the tuber as a buffer for N required during 
environmental fluctuations and plant re-growth 
lX 
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Chapter 1: General Introduction 
1.1 Distribution and description of marama bean 
Marama bean [Tylosema esculentum (Burchel) Schreiber] IS a legume (subfamily 
Caesa\pinoedeae) native to the semi-arid regions of Southern Africa. It tolerates the 
scorching heat and long drought periods of the Kalahari Desert of Botswana and Namibia 
where it is an important component of the diet of the Khoisan and nomadic Bushmen. It 
is also found in South Africa (Northern Cape Province, North-west Province and 
Limpopo Province), mostly in undulating grass-veld or savannas (NAS, 1979). Marama 
bean is commonly found creeping over the soil surface with vines carrying double lobed 
leaves that are soft and red-brown when young, but later turn leathery and grey-green 
with age (NAS, 1979). Golden-yellow flowers develop in mid-summer and the fruits 
ripen in late autumn (NAS, 1979). 
1.2 Marama Bean as a Major Food Crop and Medicinal Plant of the Kalahari 
Bushmen 
Marama bean is one of many plants native to Africa with great agricultural potential, but 
which still needs to be developed through plant breeding to improve growth and yield. 
With the increasing human popUlation, improvements of drought tolerant crops such as 
marama bean could be of great benefit to indigenous populations. Marama bean produces 
edible seeds and tubers (NAS, 1979). The seed has a large protein content (30-39%) and 
oil content (36-43%), comparable to groundnut and soybean respectively (NAS, 1979; 
Bower et aI., 1988). The seeds are eaten boiled or roasted and has a delicious nutty 
flavour that has been compared to roasted cashew nuts (NAS, 1979). Marama bean could 
therefore easily serve as a cheap source of dietary protein for indigenous populations 
Un
ive
rsi
ty 
of 
Ca
pe
 To
w
living in the semi-arid regions where few conventional crops can survive. Like most grain 
legumes, the marama protein is rich in the amino acid lysine (5 %), but deficient in 
methionine (0.7 %) as indicated by Bower et ai. (1988). The oil is present largely as 
mono-saturated or unsaturated fatty acids (Bower et ai., 1988) and hence can be included 
in the group of healthy foods. However, the legume faces the problem of over-
exploitation from local people through over-harvesting of seeds as well as defoliation by 
game and livestock (NAS, 1979). The tuber (2 years or younger) is eaten raw, boiled or 
baked (NAS, 1979). It contains about 9 % protein which is about twice the value in 
conventional crops such as potatoes and sweet potatoes (Dakora et ai., 1999). People of 
the Kalahari also crush the plant leaves and make a thick paste that is used to treat 
wounds and, arthritis. 
1.3 Marama bean as forage or fodder crop for game and livestock 
The marama plant is a perennial prostrate vine with numerous herbaceous yellow-brown 
or red-brown stems and branches that creep along the soil surface in several directions. 
These viny stems can reach up to 6 m long and bears massive number of leaves. It has 
been reported that livestock and game in the Kalahari region feed on fresh foliage of 
marama bean (NAS, 1979). With high nitrogen content in their leaves, ranging from 1.3-
2.9 % (Dakora et al., 1999), and hence high protein content, marama bean vines can be 
used to supplement low-quality grass herbage in smallholder dairy farms to increase milk 
yields as well as meat protein content oflivestock. 
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1.4 Marama bean as a source of water in the Kalahari Desert. 
The marama tuber contains about 90% water by weight (Dakora et al,. 1999) and 
therefore is a great source of water to the indigenous populations, especially hunters in 
the Kalahari region which has unpredictable rainfall and water is scarce at most times of 
the year. According to local people, water is collected by crashing older tubers into a 
container and separating the liquid from the fibrous tissues using a sieve. Herdsmen 
looking after cattle in the Kalahari dig out young tubers and chew them as their 
immediate source of water. Drought, which easily affects legume plant growth, is likely 
to worsen with the projected rapid expansion of water-stressed areas (Postel, 2000). It is 
thus important to identify useful legume species with drought-tolerance ability and high 
water-use efficiency. The high water content of the marama bean tuber has been 
suggested to serve as a buffer for the plant to survive long periods of drought that are 
common in its natural habitat of the Kalahari desert. 
1.5 Nitrogen nutrition in marama bean 
The soils in which marama bean occurs naturally are sandy often with low organic matter 
content (Jobagy and Jackson, 2001; Ainsworth et al.) and poor nutrient levels, especially 
N. However, high nitrogen concentration (1.3 - 2.9%) was reported in the leaves, seeds 
and tubers of wild mara rna bean plants (Dakora et ai., 1999). It is not clear how and 
where marama bean obtained its nitrogen to explain these high values in its tissues. 
Dakora et al. (1999), combined glasshouse and field studies to evaluate nodulation and 
N2 fixation in marama bean, using the 15N natural abundance method. Their results 
showed lack of nodulation in plants examined both in the field-grown and glasshouse-
3 
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grown marama bean plants. Inoculating glasshouse-grown marama bean seedlings with 
rhizosphere soils collected from around wild marama bean plants did not result in nodule 
formation on roots of these plants. 
Nitrogen isotope ratios (15N/14N) and discrimination (OI5N) have been successfully 
employed to establish the source ofN used by plants (Shearer and Kohl, 1986). The olsN 
values of plant-available N forms fall within the range of < -5%0 for atmospheric 
ammonium to > + 1 0 %0 for N soil pools (Handley and Raven, 1992). An observed 
difference in olsN values between species in the field is thus hypothesized to reflect 
different N acquisition strategies. Plant species relying on N2 fixation by bacterial 
symbionts have been shown to exhibit olsN values similar to atmospheric N2 as opposed 
to plants relying entirely on soil N sources. Low Ol5N values around 0%0 or less usually 
suggests reliance on atmospheric N2, whereas soil mineral N and the plants relying solely 
on soil mineral N have (j 15N values well above 5 %0 (Shearer and Kohl, 1986). The 0 1~ 
values of marama bean organs sampled from Namibia and South Africa were found to 
range from 7.9-8.96 %0 (Dakora et at., 1999), values comparable to those of plants 
dependent on soil N (Bergersen and Turner, 1983; Kohl and Shearer, 1980; Shearer and 
Kohl, 1986). Those results indicated that marama bean utilizes soil mineral N as the 
primary source of N nutrition. The high concentration of N in its organs could suggest 
that marama bean has a mechanism for concentrating N in its tissues. 
1.6 Challenges in domesticating marama bean 
Research needs to be done on many aspects of marama bean biology to allow its 
domestication. For example, there is a need to investigate the effects of altitude, soil 
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types, temperature, moisture, fertilization and altitude on marama bean and identify the 
optimal conditions for plant growth. This knowledge will enable the cultivation of 
marama bean in areas different from which it is found growing naturally. Also, cultural 
practices such as spacing, planting density, weeding, and pest and disease control all need 
to be studied if marama bean is to be cultivated as an agricultural crop. There is also a 
need for genetic manipulation and improvement using modem genomic tools. 
Furthermore it will be interesting to know if marama bean can be cultivated without 
irrigation within its habitat. However, encouraging the Khoisan inhabitants of the 
Kalahari to cultivate marama could be a particularly difficult task as they may not 
understand the importance of cultivating a crop that "has always been there, cultivated by 
God" as one Khoisan man is quoted to have said (NAS, 1979). 
1. 7 Aim of study 
Since marama bean occurs in patchily localized stands, it was hypothesized that marama 
bean distribution is influenced by soil factors. It was also hypothesized that marama bean, 
which grows in nutrient-poor soils could benefit from additional nitrogen and phosphorus 
in soils and that marama bean might have a mechanism that it use to efficiently utilize 
nutrients from these soils. The objectives of this study were to i) investigate soil factors 
affecting marama bean growth and distribution in the field, ii) determine the form of 
nitrogen utilized by marama bean iii) determine the effect of Nand P supply on marama 
bean growth in the glasshouse and in the field, iv) determine the source of N nutrition 
using the 15N natural abundance method and v) explore the mechanisms by which 
marama bean accumulates high concentrations ofN as a protein in its organs. 
5 
Un
ive
rs
ty 
of 
Ca
pe
 To
wn
Chapter 2: General Materials and Methods 
2.1 Studies of Marama Bean under Semi-Controlled conditions 
2.1.1 Plant culture and nutrient application 
Marama bean seeds used in all experiments weighed between 2.50 and 3.00 g. The seeds 
were sown in long polyvinyl chloride (PVC) tubes or 'pots' containing 10 g mixture of 
wet sand and vermiculite. Two seeds were sown per pot (1 em deep) and pots were 
exposed to out door (natural) conditions. Before germination plants were watered with 
tap water and after germination, they were irrigated with de-ionized water until two 
weeks. 
Nitrogen and phosphorus-free modified 12 strength Hoagland nutrient solutions were used 
to culture plants. The N-free nutrient solution consisted of 246.5 g MgS04, 111.0 g 
CaCh, 87.1 g K2S04, 68.0 g KH2P04, 87.1 g K2HP04, 18.7 g sequestrene (138 Fe), 724.0 
mg MnChAH20, 110.0 mg ZnCh, 70.0 mg CuCh, 25.0 mg NaMo04. 2H20, 60.0 mg 
CoCh.6H20 and 5.7 g H3B03 per 1000 mL as described by Hewitt (1966). In the P-free 
nutrient solution, KH2P04 and K2HP04 were omitted and 1.0 M KN03 was added to 
provide N03- and K. The N-free stock solution contained 1 M ofP, while the P-free stock 
solution contained 1 M ofN. The stock solution was then diluted with de-ionised water to 
provide specific nutrient concentrations (1 mM,2 mM, 5 mM and 10 mM ofN03- for N 
treatment and 1 mM, 2 mM, 5 mM and 10 mM of P04- for P treatment). In all P 
treatments N concentration was always 2 mM while in N treatments, the P concentration 
was always 2 mM. All nutrient solutions were adjusted to a final pH of 6.8 with 
hydrochloric acid before given to plants. 
6 
Un
ive
rsi
ty 
of 
Ca
pe
 To
w
2.1.2 Response of mara rna bean to different concentrations of Nand P 
The effects of nitrogen and phosphorus on marama bean growth were tested using sand 
cultures. Seeds were planted on 3 January 2001 (Year I experiments). Two weeks after 
germination, seedlings were thinned out to one seedling per pot and plants were given 
300 mL Nand P nutrient solutions three times a week The treatments used were 0, 1,2, 
5 or 10 mM N03- and 0, 1,2,5 or 10 mM pol- prepared from Nand P-free modified Y2 
strength Hoagland nutrient solutions respectively. To avoid nutrient build up to toxic 
levels in the rooting medium, the sand was flushed once every two weeks with water. 
During late May when the temperatures drop and winter rainfall starts, watering of plants 
with nutrients solutions was stopped. At this time, shoot materials were harvested, oven 
dried and kept for total biomass determination. Watering with nutrient solution was 
resumed on 15 October 2001 when warm weather returned. The plants re-sprouted four 
weeks after watering was resumed. On 9 November 2001 confirmatory experiments 
(Year II experiments) with the same nitrate and phosphate treatments were set up, 
however, the number of replicates was increased from four to six per treatment 
Germination occurred four weeks after planting and the application of nutrient solutions 
commenced two weeks after germination. During the onset of winter in May 2002, 
watering with nutrient solutions was also stopped. Commencement of watering resumed 
on 5 September 2002 as weather conditions became warm. Re-sprouting occurred four 
weeks after watering with nutrient solution was resumed. 
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2.1.3 Response of marama bean to different sources of N 
Marama seeds were planted on 2 December 2001 (Year I experiments). Pots were placed 
outside as described above and watered with de-ionized water. Germination occurred two 
weeks after planting, and two weeks after germination plants were thinned out to one per 
pot leaving those of comparable sizes. They were given four different treatments, each 
containing six replicates randomly arranged, and were irrigated three times a week with 
300 mL of Y2-strength modified Hoagland nutrient solutions adjusted to contain 0 mM, 2 
mM N03 -, 1 mM NH4N03 or 2 mM NH4Cl. Another experiment was set up for 
confirmation on 15 October 2002 (Year II experiments). However in the Year II 
experiments, germination occurred four weeks later. Two weeks after germination, plants 
were also supplied with the Hoagland nutrient solution containing N from different 
sources as described above. 
2.1.4 Plant harvesting and growth analysis 
Sixteen-months-old nitrate and phosphate-treated plants were harvested on 20 May 2002 
and 24 March 2003 for Year I experiment and Year II experiments, respectively. Five-
months-old plants treated with N from different sources were also harvested on the same 
dates. At harvest, all plants were divided into leaves, stems and tubers. The tubers were 
washed with de-ionized water and blotted dry with tissue paper and their fresh weights 
recorded. Means of 4-6 tubers of plants from the same treatment were calculated and 
reported as tuber yield. After this, plant organs from all experiments were oven-dried at 
80°C to constant dry weights and ground to a very fine powder. Mean (n = 4-6) total dry 
matter, tuber dry matter and shoot dry matter were then calculated for each treatment. 
Stems and leaves of plants from the N-source experiments after dry matter determination 
were combined and ground together because of their small amounts. 
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2.2 Field Studies of Marama Bean 
2.2.1 Description of experimental study sites in Namibia and Botswana 
Soil samples from marama bean-growing sites were collected from Namibia and 
Botswana on 13-15 May 2001 and 20 May 2002 respectively. In Namibia, soils were 
collected from two locations; Sandveld and Buitepos (see Fig. 2.1). At Sandveld, 
marama bean soils were collected from three sites; Sandveld Site 1, Sand veld Site 2 and 
Sandveld Site 3. These sites were about 5 km apart from each other and were all fenced 
off and not subject to grazing at the time of sampling. However, Buitepos was an open 
area near the road and subjected to grazing. Non-marama bean soils were collected from 
Sandveld Site 4 for use as control. This site was about 5 km south of Sandveld Site 1, 
and by eye, appears to look like Sandveld Site 3 in terms of topography. In Botswana, 
marama bean soils were sampled from seven sites namely: Charleshil1, Chobokwane, 
Ghanzi, Groote Laagte Site 1, Makgobokgobo Site 1, Xhoga and Xanagas. These areas 
(except Makgobokgobo) were within the vicinity of Ghanzi (see Fig. 2.1) and were about 
15 km apart. Non-marama bean soils were collected from Groote Laagte Site 2 and 
Makgobokgobo Site 2 for use as controls. Groote Laagte Site 2 was about 5 km away 
from Groote Laagte Site 1 and Makgobokgobo Site 2 was about 3 km from 
Makgobokgobo Site 1. The only observed difference between marama and non-marama 
sites ( control sites) in the field is the absence of marama plants in non-marama sites. 
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Fig. 2.1. Locations (.) where marama bean soils were sampled in Namibia 
and Botswana 
2.2.2 Soil sampling 
Soil samples were collected at different depths (0 - 40 cm, 40 80 em, and 80 - 120 em), 
using a soil corer. Three to four samples (for each soil depth) were collected from each 
site, and placed in plastic bags. They were then air-dried, sieved (2 mm) and their 
physical characteristics were described before they were analyzed for pH, organic matter, 
N and other mineral nutrients. 
2.2.3. Sampling of field plants 
To assess whether marama bean and its associated plant species feed from the same soil-
N pools, wild marama bean plants were collected from Namibia (Sandveld and Buitepos) 
10 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
and Botswana (Makgobokgobo) on 13 - 15 May 2001 and 20 May 2002 respectively. 
Whole marama bean plants were harvested at Sandveld and Buitepos, while at 
Makgobokgobo only shoots were sampled. Leaves of other plant species growing in the 
same area with marama bean were also sampled from both countries for comparisons. 
The plant species sampled included: Acacia hebeclada, Bauhinia galpini, Geigeria 
ornativa, Grewia retinervis and Helichrysum melanacme. The plant samples were 
processed for tissue elemental analysis by oven-drying at 60 DC to a constant weight and 
grinding to a very fine powder. 
2.2.4 Analysis of Growth and reproduction in wild marama bean plants. 
Growth parameters of marama bean plants, including number of vines per plant, number 
of stems and leaves per vine, and vine length. The colour of the stem was also described. 
Reproductive units such as pod number per plant and seed number per pods or plant were 
determined in field plants. [n order to determine whether marama bean produces a large 
proportion of single-seeded or double-seeded pods, seed pods were collected from a wild 
popUlation irrespective of the plant and the number of each pod type counted. Tuber 
characteristics, which included tuber length, tuber circumference, tuber fresh weight, 
tuber dry weight and tuber water content, were also determined for field plants of 
unknown ages. 
2.2.5 Response of marama bean to Nand P in the field 
Two field plots each measuring 25 m x 25 m (randomized complete block design) were 
set up at Nietvoorbij farm (33 0 54'S, 18° 14'E) in Stellenbosch, Western Cape Region on 
31 December 2002. The plots were divided into rows in which plants were planted with a 
spacing distance of 1 m. The plants were irrigated twice a week. Nitrogen and 
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phosphorus fertilizers were applied on 4 March 2003. A ring was fOlmed around the plant 
and fertilizers were applied to plants in granular forms. Phosphorus was added as triple 
super-phosphate (TSP) at rates of 20 and 40 kg P ha- I . Calcium ammonium nitrate, (in 
this study shortened to Ca-NH4N03, and which is 27% N) and KN03 provided N also at 
the rates of 20 and 40 kg N ha- I . A combination ofTSP and KN03 (20 kg Pha- I + 20 kg 
N ha- I) was also applied to some plants, first the TSP was applied then KN03• Plants that 
serve as control were not supplied with N or P fertilizers. The rings were covered and all 
plants were subjected to irrigation. Plants were harvested after six months (13 June 2003) 
and subjected to treatments and analyses described in section 2.1.4. 
2.2.6 Analysis of nutrient concentration in plant tissues 
Finely ground plant materials were sent to a local laboratory for analysis of nutrient 
concentrations in tissues. Total nitrogen in tissues was determined using a Kjeldahl 
method (Bremner, 1965). Analyses of nutrients other than nitrogen were performed on 
dry ashed plant material (Giron, 1973). A weighed amount of plant material was placed 
in a crucible and ashed by heating in a muffle furnace at 550°C. The ash residue was then 
dissolved in a hydrochloric acid solution, filtered, diluted to a specific volume and 
nutrient element concentrations determined on ICP (Inductively Coupled Plasma) 
spectrophotometer 
2.3 Statistical analysis 
Differences in soil nutrient concentration between sites, and data collected from the 
effects of nitrogen and phosphorus supply on marama bean growth were analyzed 
statistically by a one-way ANOV A, two-way ANOV A or factorial ANOV A as 
appropriate, and mean separation was made with Duncan's Multiple Range Test using a 
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ST A TISTICA package. Where data are reported in percentage, square root 
transformation was performed before analysis, and for others actual data were used. 
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Chapter 3: A Biogeographic Analysis of Nutrient 
Concentrations in Marama Bean Soils 
3.1 Introduction 
Marama bean (Tylosema esculentum Burch. Schreiber) is a high-protein legume adapted 
to growing in the dry, very nutrient-poor soils of the Kalahari desert, generally 
characterized as low in organic matter, N03 '-N, NH/-N and total N (Jobagy and Jackson, 
2001). Despite its potential as a crop for marginal soils, this tuber-forming grain legume 
has remained unresearched and undomesticated. The natural home of the marama bean is 
the Kalahari Desert, which covers the three Southern African countries of Botswana, 
Namibia and South Africa. Although the soils of mara rna bean endemicity are reported to 
be poor in nutrients (NAS, 1979), no hard data exist as evidence. 
The grain and tuber of wild marama bean have been major food for the Khoisan people in 
Namibia, Botswana and South Africa, hence the need for its domestication. However, to 
establish any plant species as an agricultural crop requires a clear understanding of its 
environmental setting, including soil nutrient ecology. Assessing the nutrient 
concentrations in soils of undomesticated plant species does not only provide an 
indication of nutrient availability (Foth and Ellis, 1997), but also the amounts to 
supplement for optimal plant growth and yield under agricultural conditions. Because the 
supply of mineral nutrients to plants depends on their concentrations in soil (Finck, 
1982), knowing the nutrient status of soils is thus a pre-requisite for plant introductions 
and domestication. This is usually achieved through biological tests or rapid chemical 
analyses of both plants and soils (Tisdale, 1993). 
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Data from plant and soil analysis often indicate whether plant growth is likely to be 
limited by low nutrient supply or not. Such site-specific use of plant and soil analysis is a 
common feature of modem agricultural practice and plantation forestry (Smethurst, 
2000). The fact that marama bean occurs in patchily localized stands probably suggest 
specific requirements from soil such as nutrients, pH or biotic factors. Desert soils are 
reportedly low in total N (Jobiigy and Jackson, 2001), the sources of which are mainly 
nitrate, and ammonium in precipitation, Aeolian deposition of nitrate salts, and biological 
assimilation of atmospheric N2 by N2-fixing organisms (Evans and Ehleringer, 1993; 
Jobagy and Jackson, 2001). Soil- water N generally follows a nutrient- type profile, with 
concentrations that decrease sharply with depth because of nutrient uptake and cycling 
(Jobligy and Jackson, 2001). However, recent studies (Walvoord et al., 2003) shows that 
soil-water concentration profiles of nitrate in five arid to semi arid sites of the Western 
United States follow the conservative solute-accumulation profiles rather than the 
expected progressive nutrient depletion profiles. Maximum N03 '-N concentrations in the 
subsoil below these nutrient-limited vegetation communities (West and Skuijins, 1978) 
can exceed 2000 mg per liter, ten times higher than N concentrations applied in 
hydroponic studies. The aim of this study was to characterize nutrient profiles of soils 
supporting growth of marama bean plants as a basis for understanding the species 
adaptation to a nutrient poor environment. 
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3.2 Materials and Methods 
3.2.1 Determination of soil pH 
A sample of soil (2 mm sieved) weighing 12.5 g was shaken with 25 mL of 0.01 M CaCh 
for 15 minutes. The pH of the suspension was then measured with a portable A TC pH 
meter (Hannah Instruments, Portugal) 
3.2.2 Determination of soil organic matter 
Soil organic matter was determined by a weight loss-on-ignition method, which is based 
upon measuring the weight loss of the dry soil sample due to high temperature ignition as 
described by Walkley and Black (1934). A 10-g air-dried and 2 mm-sieved soil samples 
were placed in porcelain crucible, the mass of the crucibles together with the samples 
were recorded. The crucibles were placed in an oven at 80°C for 24 h to drive out soil 
moisture. After 24 h, the masses of the crucibles were recorded again and the crucibles 
placed in a muffle furnace at 450°C for 16 h. After 16 hours, once the furnace had 
cooled to below 100°C, samples were removed from a furnace and allowed to further 
cooling in a dessicator. Samples were re-weighed and the amount of organic matter was 
detennined Walkley and Black (1934). Organic matter for soil from Botswana could only 
be determined for Makgobokgobo Sites 1 and 2 due to little amounts of soil samples. 
3.2.3 Determination of mineral nutrients in soils 
Air-dried (2 mm sieved) soil samples were sent to a local soil laboratory for analysis of 
nitrate-N, ammonium-N, total N and other macro- and micronutrients. 
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Extraction of macronutrients 
Ammonium-N and nitrate-N concentrations in soils were determined by colorimetry, 
using a Leco FP N -determinator as described by Bremner (1965) and total N was 
determined by a micro- Kjedahl method (Bremner, 1986; Jones et ai., 1991). Phosphorus 
(P), potassium (K), calcium (Ca) and magnesium (Mg) were extracted from soil by 
means of 1 % citric acid method of Dyer (1894). A soil sample of 20 g was shaken with 
200 mL 1 % citric acid (heated to 80°C) in an Erlenmeyer flask and placed in an oven at 
80 °C. This was then shaken every 10 minutes and after 1 h the suspension was filtered 
through a What Mann paper (No. 40). A 50 mL cold filtrate was heated to dryness on a 
water bath and the residue heated for two hours to remove organic material. Five mL HCI 
and 5 mL RNO] were added to the residue, shaken and evaporated to dryness on a water 
bath. The residue was dissolved with 20 mL de-ionized water and 5 mL HN03 upon 
heating and filtered into a 100 mL volumetric flask. When the solution has cooled down 
to room temperature, it was diluted to 100 mL with de-ionized water. Determination of P, 
K, Ca, and Mg concentrations was done by direct aspiration on a calibrated simultaneous 
Inductively Coupled Plasma (ICP) spectrophotometer. 
Extraction of micronutrients 
Micronutrients in soil samples were extracted, using the di-ammonium EDTA method of 
Trielweiler and Lindsay (1969) as modified by Beyers and Coetzer (1971). A 5 g sample 
of finely crushed (sl mm) air dry soil was placed in a centrifuge tube and shaken with 
15 mL (50mL in case of manganese) of 0.02 M (NH4)2 EDTA solution for 11 hour at a 
constant temperature of 20 ± 2 0c. A sample was then centrifuged at 2000 rounds per 
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minute for 5 minutes. The solution was filtered and the concentrations of micronutrients 
were determined by direct aspiration on a calibrated simultaneous ICP 
spectrophotometer. Boron was extracted with a solution of calcium chloride in hot water 
as described by FSSA (1974). 
3.3 Results 
3.3.1 Characteristics of soils from marama bean- and non-marama bean-growing 
areas 
The soils collected from different sites in both Namibia and Botswana were fine aeolian 
sands characterized by the presence of dolomite or limestone concretions in the soil 
profile (Table 3.1). Marama bean soils from Sandveld Site 1 were brown and sandy with 
limestone/dolomite concretions on the surface and subsurface layer, while soils from 
Sandveld Site 2 and Buitepos had no limestone or dolomite concretions either on the 
surface or within the soil profile. The soil from Sandveld Site 3 was virtually white sand 
with carbonate concretions in the profile but not on the surface (Table3.!). The soils from 
the marama bean-growing sites in Botswana were characterized by brown sand with no 
dolomite or limestone concretions on the surface or in the soil profile. Of all the sites in 
Botswana, only Ghanzi was characterized by white sand with dolomite or limestone 
concretions in the soil profile (Table 3.1). Non-marama soils from Namibia (Sandveld 
Site 4) were very fine white sands that appeared wet, water-logged and clayish while 
those from Botswana soils (Groote Laagte Site 2 and Makgobokgobo Site 2) were 
generally brown sands with no limestone or dolomite concretions in the profile. 
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Table 3.1 Description of marama and non-marama bean soils collected from Namibia 
and Botswana 
Site 
Namibia 
Mamma bean soils 
Sandveld Site 1 Brown fine aeolian sand with limestone/dolomite concretions on top and 
subsurface layers 
Brown fine aeolian sand with no limestone/dolomite concretions Sandveld Site 2 
Sandveld Site 3 White fine aeolian sand with limestone/dolomite concretions in soil profile but 
not on surface 
Buitepos Brown fine aeolian sand with no limestone/dolomite concretions 
Non-mamma bean soil 
Sandveld Site 4 White water-logged very fine sand with limestone/dolomite concretions in 
profile but not on surface layer. Appeared a bit clayish 
Botswana 
Mamma bean soil 
Charleshill Bro\\<l1 fine aeolian sand with no limestone/dolomite concretions 
Chobokwane Brown fine aeolian sand with no limestone/dolomite concretions 
Ghanzi White fine aeolian sand with limestone/dolomite concretions in soil profile 
Groote Laagte Site 1 Brown fine aeolian sand with no limestone/dolomite concretions 
Makgobokgobo Site 1 Brown fine aeolian sand with no limestone/dolomite concretions 
Xanagas Brown fine aeolian sand with no limestone/dolomite concretions 
Xhoga Brown fine aeolian sand with no limestone/dolomite concretions 
Non-marama bean soil 
Makgobokgobo Site 2 Brown fine aeolian sand with no limestone/dolomite concretions 
Groote Laagte Site 2 Brown fine aeolian sand with no limestone/dolomite concretions 
3.3.2 Soil pH 
The pH of marama bean soils (0 -120 cm) collected from Namibia ranged from 5.08 ± 
0.08 to 6.90 ± 0.26, while that of non-mara rna bean soils was 7.12 ± 0.20 (Table 3.2). A 
significant difference was found between marama bean soils from Sandveld Sites 1 and 2, 
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and Buitepos, and non-marama bean soils from Sandveld Site 4. The soils from Botswana 
showed mean pH values of 5.04 ± 0.21 to 7.40 ± 0.25 for marama bean-growing areas 
and 4.04 ± 0.03 to 4.89 ± 0.16 for non-marama bean soils (Table 3.2). The pH values of 
marama bean soils from Ghazi, Groote Laagte Site 1, Xanagas and Xhoga were 
significantly higher than those obtained for control soils from Groote Laagte Site 2 and 
Makgobokgobo Site 2. Marama bean soils collected from Ghanzi showed the highest pH 
value of 7.40 ± 0.25 (Table 3.2). The pH of marama bean soils from Groote Laagte Site 1 
was significantly different from that of Groote Laagte Site 2, the control from the same 
location. No significant differences were found between marama and non-marama bean 
soils collected from Makgobokgobo. For both Namibia and Botswana, acidity values 
below pH 5 were recorded for only non-marama bean soils. Soil pH values did not 
change significantly with depth within sites (see Appendix 2A). 
3.3.3 Soil Organic matter 
The organic matter content of soils collected from Namibia was generally low. The mean 
organic matter content of marama bean soils (0 120 cm) differed significantly for the 
four Namibian sites. Buitepos showed the lowest organic matter content of 0.30 ± 0.02%, 
followed by Sandveld Sites 1 and 2 (0.38 ± 0.01%) and the highest (0.44 ± 0.02%) at 
Sandveld Site 3 (Table 3.2). However these values were significantly lower than those 
obtained for non-marama bean soils from Sandveld Site 4 (0.59 ± 0.03%). The soil 
organic matter content obtained for marama bean soils from Makgobokgobo Site 1 in 
Botswana was significantly higher than that of non-marama bean soils from near the 
same site (Table 3.2). As with pH, the organic matter content did also not change with 
soil depth within each site (Appendix 2A, B). 
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3.3.4 Soil Nitrogen 
Total N 
Total N in marama bean soils from Namibia was low, ranging from 0.03 to 0.04 % (Table 
3.2). Total N of non-marama bean soils were similar to those of marama bean soils, 
although Sandveld Site 4 had slightly higher total N content compared to the other sites 
(Table 3.2). Total N in marama bean soils from Botswana ranged from 0.02 to 0.05%, 
and this did not differ significantly for different sites (Table 3.2). However total nitrogen 
did not change with soil depth (Appendix 2A, B). 
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Table 3.2 Soil pH, soil organic matter (SOM) and total N in the a - 120 cm profile of soil 
sampled from different sites in Namibia and Botswana. Values (Mean ± SE, n = 3-4) with 
the same letter within a column are not significantly different (P < 0.05), nd = not 
determined. 
Site pH SOM(%) Total soil N (%) 
_._-
Namibia 
Marama bean soil 
Sandveld Site 1 6.21 ±0.31b 0.38 ± O.Ole 0.04 ± 0.000001 a 
Sand veld Site 2 5.08 ± 0.08a 0.38 ± O.Ole 0.03 ± 0.000003 a 
Sandveld Site 3 6.90 ± 0.26be 0.44 ± 0.02d 0.041 ± O.OOOOOla 
Buitepos 5.76 ± 0.30b 0.30 ± 0.02b 0.03 ± 0.0000002a 
NOll-marama bean soil 
Sandveld Site 4 7.12 ± 0.20e 0.59 ± 0.03e 0.05 ± 0.0000003a 
Botswana 
Marama bean soil 
Charieshill 5.60 ± 0.06b nd 0.02 ± 0.000003a 
Chobokwane 5.04 ± 0.21a nd 0.02 ± 0.0000002a 
Ghanzi 7.40 ± 0.25c nd 0.02 ± 0.000005a 
Groote Laagte Site 1 6.10±0.l1b nd 0.04 ± 0.000004a 
Makgobokgobo Site 1 5.15 ± 0.09ab 0.30 ± O.Olb 0.05 ± 0.000001 a 
Xanagas 6.03 ± 0.19b nd 0.04 ± 0.000003a 
Xhoga 5.78 ±0.16b nd 0.05 ± O.OOOOOla 
Non-marama bean soil 
Groote Laagte Site 2 4.89 ± 0.16a nd 0.03 ± 0.000007a 
Makgobokgobo Site 2 4.04 ±0.03a 0.05 ± O.OOla 0.03 ± 0.0000004a 
--.--
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Levels of inorganic nitrogen across the soil profile 
The concentration of the two inorganic N forms (nitrate~N and ammonium~N) in both 
marama and non-marama bean soils are shown in Table 3.3. Nitrate-N concentration 
differed with depth for marama bean soils collected from Sandveld Sites 1 and 3 (Table 
3.3) and were generally higher in the O~40 cm depth compared to the 40~80 cm depth, 
except for Sandveld Site 3. Nitrate-N levels in non-marama bean soils from Sandveld Site 
4 followed the same pattern. In general, however, nitrate-N and ammonium-N levels in 
marama bean soils from Sandveld Site 2 decreased with soil depth. Marama bean soil 
from Buitepos had relatively high nitrate-N levels in its profile compared to the other 
marama bean soils from Sandveld. 
Although a statistical analysis was not carried out to compare Botswana soils to 
Namibian soils, nitrate-N and ammonium-N concentrations in soils from Botswana were 
generally high than levels obtained for Namibian soils. But unlike levels obtained for 
Namibian soils that were generally similar in magnitude, the ammonium-N 
concentrations in Botswana soils were relatively higher than nitrate-N concentrations. In 
Botswana soils, levels of the two inorganic N forms varied across profiles within sites, 
but the variation was not consistent with depth. Soils from Charleshill and Chobokwane 
had low nitrate-N concentrations throughout the profile compared to the other sites 
(Table 3.3). Ammonium-N levels were also found to be lowest in soils from Charleshill. 
Both marama and non-marama bean soils from Makgobokgobo showed the highest 
concentrations of ammonium-N in the profile. 
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Table 3.3 Concentrations of nitrate-N and ammonium- N in the profiles of soil collected from different locations in Namibia and 
Botswana. Values (Mean ± SE, n 3-4) with the same letter within a row under each N-type are not significantly different (P < 0.05). 
Levels ofnitrate-N and anm10nium-N 
Site N03'-N NH4+-N 
cm 40- 80 em 80 120em 0 40 em 40-80 em 80 120 em 
Marama beall soil 
Sandveld Sitel 0,49 ± 0.09a 0.28 ± 0.06a 0.62 ± 0.07e 0.50 ± O.lOa 0.41 ± 0.08a 0.77 ± 0.08e 
Sandveld Site 2 0.60 ± O.lOb 0.26 ± 0.07a 0.24 ± O.Ola 0,45 ± O.lOb 0.34 ± 0.05ab 0.29 ± 0.02a 
Sandveld Site 3 0,42 ± 0.06a 0,41 ± 0.02ab 0.63 ± O.OOb 0.62 ± 0.l2b 0.27 ± 0.07a 0.54 ± 0.04b 
Buitepos 0.96 ± 0.10b 0.62 ± 0.14a 0.50 ± 0.12a 0.67 O.lIb 0,45 ± O.Ola 0,44 ± 0.04a 
NOIl-marama beall soil 
Sandveld Site 4 0.69 ± O.lOa 0.53 ± 0.07a 0.68 ± 0.14a 0.47 ± 0.07b 0.33 ± 0.05a 0.33 ± O.Ola 
Marama beall soil 
Charleshill 0.72 ± 0.07a 0.69±0.06a 0.60 ± 0.06a 2.88 O.44a 2.76 ± 0,40a 3.78 ± 1.55a 
Chobokwane 0.90±0.17b 0.57 ± 0.04a 0.58 ± 0.04a 5.33 OA8b 3.68 ± 0.75a 4.64 ± 0.94ab 
Ghanzi 4.10 ± 0.47a 4.36 ± 1.37a 5.68 ± 1.56b 3.78 ± 0.85a 
Groote Laagte Site 1 1.67 ± 0.22a 1.14 ± 0.12a 1.17 ± 0.08a 4.86 ± 1.62a 3.31 ± 0.55a 4.60 ± 1.17a 
Makgobokgobo Site 1 5.90 ± O.OOb 3.IO±0.21a 3.63 ± 0.81a 9.74 ± O.OOa 14.0 ± 2.80b 12.6 ± 1.50b 
Xanagas 2.84 ± 0,49b 1.11 ± 0.33a 0.80 ± O.13a 5,49 ± 1.14ab 6.35 ± 1.10b 4.97 ± 1.41a 
Xhoga 1.51 ± 0,48ab 1.03 ± 0.30a 2.03 ± 1.16b 6.64 ± 0.86a 6.11 ± 0.64a 7.09 ± 1.45a 
Non-marama bean soil 
Groote Laagte Site 2 1.37 ± 0,47a 1.22 ± 0.35a ± 1.22a 2.98 0.28a 5,48 ± l.14b 4.09 ± 0.85b 
Makgobokgobo Site 2 2.35 ± 0.90ab 2.70 ± 0.75b 2.00 ± 2.00a 13.0 ±2.91b 13.1 ± l.05b 9.56 ± 0,40a 
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3.3.5 Concentrations of macronutrients in marama bean soils 
The concentrations of P, Ca and Mg in marama bean soils from Sandveld Sites 1 and 2, 
and from Buitepos were significantly lower compared to concentrations in non-marama 
bean soils from Sandveld Site 4 (Table 3.4). With the Botswana soils, however, P 
concentration in marama bean soils from Ghanzi, Xanagas and Xhoga, Ca from Ghanzi 
and Xhoga and K from Ghanzi, Xanagas, Xhoga, Charleshill, Chobokwane, Groote 
Laagte Site 1 and Makgobokgobo Site 1 were significantly high than concentrations in 
non-marama bean soils from Groote Laagte Site 2 and Makgobokgobo Site 2 (Table 3.4). 
Changes in macronutrient concentrations in soils from Namibia with depth were not 
consistent although that of calcium and magnesium tended to be higher in the 80-120 cm 
layer (Appendix 2C). However Botswana soils from Charleshill, Chobokwane, Xanagas 
and Xhoga showed high P concentrations in the top 0 40 em layer (Appendix 2D). 
3.3.6 Concentrations of micronutrients in marama bean soils 
The concentrations of Cu and Mn in marama bean soils from Namibia were low 
compared to those in non-marama bean soils (Table 3.5). In contrast, Zn and Mn 
concentrations in marama bean soils from Botswana were high compared to their levels 
in non-marama bean soils (Table 3.5). Overall, micronutrient concentrations were higher 
in Namibian soils than in Botswana soils. 
The concentration of Cu and Zn in marama bean soils from Sandveld Site 3 in Namibia 
increased with soil depth, while Mn and Al decreased with depth (Appendix 2E). The 
concentrations of Cu, Mn and Al concentrations in soils from Botswana did not differ 
significantly with depth. Although significant changes were observed for Zn 
concentrations, these were not consistent (Appendix 2F). 
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Table 3.4 Concentrations of macronutrients in the profiles of soil collected from different 
locations in Namibia and Botswana. Values (Mean ± SE, n = 3-4) with the same letter 
within a column for each country are not significantly different at P < 0.05. 
concentrations 
Site P Ca Mg K 
Marama bean soil 
Sandveld Site 1 3.56 ± 0.29b 898 ± 43.1 b 99.0 ± 2.1b 7704 ± 6.67b 
Sandveld Site 2 3.75 ± 1.59bc 122 ± OAOa 37.5 ± 1.5a 57.8 ± 3.16a 
Sandveld Site 3 3.56 ± 0.53b 1502 ±4.0c 196.5± 5.85c 97.0 ± 3.22bc 
Buitepos 2.67 ± 0.26a 198 ± 4.60a 45 ± 6.00a 133 ± 15c 
Non-marama bean soil 
Sandveld Site 4 4.25 ± O.20c 1750 ± 57Ac 226.5 ± 7.50c 66.1 ± 4.97ab 
Marama bean soil 
Charleshill 1.33 ± O.17a 276 ± 1.80b 69 ± 0.60a 80.7 ± 1.99c 
Chobokwane 1.44 ± 0.18a 166 ± 4.00b 85.5 ± 0.60a 65.0 ± 3.24b 
Ghanzi 7.00 ± 1.37c 1136 ± 6.00c 82.5 ± 1.50a 64.5 ± 3.69b 
Groote Laagte Site 1 1.67 ± 0.17ab 296 ± 2.00b 268.5 ± 2.70e 72.0 ± 1.99be 
Makgobokgobo Site I 1.00 ± O.OOa 298 ± 2.00b 102±1.2b 73.5 ± 4.80bc 
Xanagas 2.67 ± 0.53b 314 ± 6.00b 82.5 ± 1.80a 73.6 ± 2.19be 
Xhoga 2.11 ± O.26b 810 ± IO.Oe 123.0 ± I.50b 85.9 ± 8.98e 
Non-marama bean 
soil 
Groote Laagte Site 2 1.1l±O.l1a 152 ± 20.0b 84.0 ± 0.90a 47.9 ± 3.34a 
Makgobokgobo Site 2 1.25 ± 0.16a 32 ± I.80a 48.0 ± 0.90a 38.3 ± 1.8Ia 
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Table 3.5 Micronutrients concentrations in marama and non-marama bean soils sampled 
from different locations in Namibia and Botswana. Values (Mean ± SE, n 3-4 ) followed 
by similar letters within a column for each country are not significantly different at P < 
0.05. 
Micronutrient concentrations (mg/kg) in 0 120 em soil depth 
Site eu Zn Mn Al 
Marama bean soil 
Sandveld Site 1 0.51 ±O.lOb 1.41 ± 0.26b 47.4 ± 5.10c 18.5 ± l.llb 
Sandveld Site 2 0.20 ± 0.04a 1.00 ± 0.28ab 28.7 ± 2.21b 13.0 ± 0.96a 
Sandveld Site 3 0.67 ± O.lOb 1.51 ± 0.49b 43.1± 7.31c 23.0 ± 2.60b 
Buitepos 0.17 ± 0.02a 1.13 ± 0.20ab 18.7 ± 1.43a 12.2 ± 0.75a 
Non-marama bean soil 
Sandveld Site 4 1.53 ± 0.23c 1.73 ± 0.48b 93.2 ± 27.2d 25.5 ± 3.74b 
Botswana 
Marama bean soil 
Charleshill 0.31 ±O.Olb 0.54 ± 0.08a 24.3 ± 0.62bc 0.32 ± O.Ola 
Chobokwane 0.19±0.01a 0.84 ± 0.19b 7.70 ± 1.07a 0.33 ± 0.03a 
Ghanzi 0.86 ± 0.09d 0.86 ± 0.17b 20.0 ± 2.74b 0.37 ± O.Ola 
Groote Laagte Site 1 0.26 ± O.Olab 1.06 0.20a 18.7 ± 0.65b 0.30 ± O.OOa 
Makgobokgobo Site 1 0.42 ± 0.02c 1.20 ± 0.26b 31.5 ± 1.07c 0.55 ± 0.03b 
Xanagas 0.38 ± 0.02bc 0.51 ± 0.04a 19.1 ± 0.96b 0.27 ± O.Ola 
Xhoga 0.79 ± 0.02d 1.05 ± 0.24b 64.6 ± 8.35d 0.39 ± 0.04a 
Non-marama bean soil 
Groote Laagte Site 2 0.14 ± O.Ola 0.66 ± 0.08a 6.88 ± 1.00a 0.31 ±0.04a 
Makgobokgobo Site 2 0.37 ± 0.03bc 0.51 ± 0.05a 9.53 ± 0.90a 1.99 ± O.l4c 
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3.4 Discussion 
As shown in Table 3.1, soils from patchy areas without marama bean plants ("non-
marama bean soils") were by description not markedly different from soils that support 
large populations of marama bean plants ("marama bean soils") within the same site. 
Whether in Namibia or Botswana, marama bean soils were characterized by brown or 
white aeolian sand i) without limestone/dolomite concretions on the top and subsurface 
layers, ii) with limestone/dolomite concretions in the soil profile but not on the surface, 
and iii) with limestone/dolomite concretions on top and in subsurface profile. 
The non-marama bean soils from Namibia differed in being water-logged and slightly 
clayish but also contained limestone/dolomite concretions (Table 3.1). However, the non-
marama bean soils from Botswana were similar in physical characteristics to 6 out of 7 
marama bean soils in not having any limestone/dolomite concretions. These 
characteristics of marama bean soil profile are consistent with those described by (De 
Frey, 1990). 
In terms of soil properties, the pH and soil organic matter differed significantly (P ~ 0.05) 
between marama bean and non-marama bean soils (Table 3.2). For example, the pH of 
non-marama bean soil from Sandveld Site 4 in Namibia was markedly higher than those 
of the marama bean soils, and this was accompanied by significantly greater organic 
matter content as a consequence of the water-logging, which can inhibit mineralization 
(Brandy 1990). 
Although in Botswana the pH and soil organic matter also differed between marama bean 
and non-marama bean soils, here both parameters were significantly lower in non-
marama bean soils compared to marama bean-growing soils (Table 3.2). 
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Taken together, anoxia from water-logging at Sandveld Site 4 can affect root and tuber 
respiration through cytoplasmic acidosis and loss of membrane integrity (Greenway and 
Gibbs, 2003) leading to plant death and its absence in the site. Additionally, the low pH 
of non-marama bean soil from Makgobokgobo Site 2 can repress nitrification and thus 
reduce nutrient supply to plants or directly inhibit root growth. It is however unlikely that 
only these two factors caused the absence of marama bean plant populations in the non-
marama sites. 
Although the data on soil nutrient analysis have revealed broad differences between 
marama bean and non-marama bean soils (Tables 3.3, 3.4 and 3.5), site-specific 
compansons could provide deeper insights into the factors affecting the 
biogeographic distribution of marama bean in the Kalahari regions of Southern Africa. 
Plants in arid and semi arid systems have been shown to respond morpho;ogically and 
physiologically to areas of high nutrient availability within their rooting zones (Jackson 
et. al., 1990). The concentrations of N03 -- Nand NH/ - N (Table 3.3) did not follow the 
expected progressive nutrient depletion profiles and they also did not follow the recently 
discovered progressive nutrient accumulation profiles beneath desert soils (Walvoord et 
aI., 2003), although in this study soil resources profiles were only reported to a depth of 
I.20m. 
A comparison of non-marama bean soils and marama bean soils did not reveal a 
consistent trend, for example, when P, Ca and Mg concentrations of the non-marama 
bean soils from Sandveld Site 4 were compared with those of marama bean soils from 
Sandveld Sites 1, 2 and 3, the latter showed significantly lower levels except for 
Sandveld Site 3, where the values are similar (Table 3.4). Even with the distant Buitepos 
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site, the levels of these macronutrients were markedly lower. Clearly, then, the absence of 
marama bean populations in Sandveld Site 4 could be closely linked to the differences in 
soil macronutrient concentrations. Interestingly, the description of Sandveld Sites 3 and 4 
(Table 3.1) are near-identical, except that Site 4 was water-logged and slightly clayish. It 
is therefore not surprising that the macronutrient data for Sandveld Sites 3 and 4 are not 
different from each other. That water-logging could be a major factor responsible for the 
absence of marama bean in Sandveld Site 4 is probably re-enforced by the magnitude and 
commonality of macronutrient concentrations at the two sites. 
A similar comparisons between non-marama bean soil from Makgobokgobo Site 2 with 
marama bean soil from Makgobokgobo Site 1 in Botswana shows that the latter is higher 
in the concentrations of Ca, Mg and K compared to the former. The concentrations of Mg 
and K showed a similar pattern for the two types of soil from Groote Laagte Sites 1 and 
2. 
The concentrations of micronutrients have also provided useful information that probably 
supports the role of nutrients in marama bean distribution. As shown in Table 3.5, the 
concentrations of Cu and Mn in non-marama bean soil from Sandveld Site 4 in Namibia 
were distinctly higher than those of marama bean soil from Sandveld Sites 1, 2 and 3, as 
well as the distant Buitepos site. There was however no clear pattern for Zn and Mn, 
although in this case, as with the macronutrients, the concentrations in non-marama soils 
were lower than those in marama bean soils (Table 3.3). Taken together, these data 
suggest a relationship between marama bean distribution and mineral profiles in soils. 
However, much more refined experimentation is required to specifically define the role 
played by nutrients in the distribution of marama bean. The preliminary data obtained in 
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this study would seem to suggest that cultivation of marama bean outside its area of 
endemicity is possible, so long as excessive soil moisture is avoided. It should however 
be noted that there are other factors such as competition, dispersal ability, genetic factors, 
as well as land use and habitat that can affect marama bean distribution in the wild. It is 
also recommended that, a transplant experiment is required in order to demonstrate that 
the soils that marama bean were not growing in are not appropriate for the bean's growth. 
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Chapter 4: Assessing Nand P nutrition in Marama 
Bean Plants under Semi-Controlled Conditions 
4.1 Introduction 
Of all the nutrients, nitrogen and phosphorus are the one required in large amounts for 
plant growth. Nitrogen, in one form or another, accounts for about 80% of the total 
mineral nutrients absorbed by plants (Marschner, 1995). More over, inadequate nitrogen 
is often the growth-limiting nutritional stress in soils. Consequently, addition ofN usually 
improves plant growth yield. While nitrogen is taken up mainly as ammonium and nitrate 
ions, phosphorus is absorbed as the orthophosphate ions; H2P04-, HPO/- depending on 
the soil pH (Marschner, 1995). Phosphorus and nitrogen however, are deficient in most 
soils. Applying chemical fertilizers as a way of increasing nutrient supply promotes plant 
growth and yield. The use of glasshouse studies and pot experiments can assist in our 
understanding of plant response to exogenous supply of nutrients, especially when 
dealing with undomesticated species. The data from such controlled studies forms the 
basis for field experimentation, especially in relation to the quantities of nutrients 
required and the extra yields obtained from fertilization (Cooke, 1975). In short, it is 
essential to establish the relationship between nutrient supply and yield response of new 
undomesticated crop plants as done for conventional crops such as sugar beet and spring 
wheat which increased yields linearly with increased nitrogen supply (Boyd, 1970). 
In the case of N, it is important to establish whether the supply of sole ammonium or 
N03 is better for plant gro\vth and higher yields, as growth may be faster with one ion 
species than the other. Available evidence shows that plant species differ in their growth 
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response to the different N ions. Although N assimilation is associated with the reduction 
of N03- to NH/, many plants show growth inhibition when NH/ is supplied as the 
exclusive N source (Gerendas et al., 1997; Raab and Terry, 1994; Jungk, 1977; Kirkby 
and Hughes, 1970). Growth inhibition has been attributed to various factors, such as 
NH/-induced disorders in pH regulation and toxic effects of free ammonia (Claussen and 
Lenz, 1995; Goyal et ai., 1982). The results of a study by Lasa et ai. (2001) showed 
spinach to be highly sensitive to NH4 + nutrition, while sunflower was moderately 
sensitive and pea tolerant. Often, plants fed NH/-N tend to accumulate less biomass 
(Cramer and Lewis, 1993; Matsumoto and Tamura, 1981; Schortemeyer et al., 1996), 
exhibit high total nitrogen content (Cox and Reisenauer, 1973; Cramer and Lewis, 1993; 
Lasa et al., 2001), and show low concentrations of Ca, Mg, and K concentration in their 
tissues (Cox and Reisenauer, 1973; Marschner, 1995). 
In general, plant growth with combined N03- -N and NH/-N is faster than with either 
one of the two species (Bigg and Daniel, 1978; Ganmore- Neumann and Kafkafi, 1980; 
Haynes and Goh, 1978; Lewis et al., 1982). Nitrogen nutrition is known to be an 
important factor in the growth of tuber crops. For example, excessive nitrogen 
fertilization can extend the vegetative growth period and delay tuber development 
(Phillips et al., 2004; Clark and Burge, 1999). However, the effect of nitrogen form on 
the growth of tuber crops is not well documented. In this study, the effect of nitrate and 
phosphate nutrition or N source (NH/, N03- or NH4N03) on growth and tuber yield of 
marama bean plants was assessed. The study included measurements of chlorophyll, 
concentration, nitrate reductase activity (NRA), tissue carbohydrate concentrations, and 
mineral composition of marama bean organs. 
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4.2 Materials and Methods 
4.2.1 Measurement of chlorophyll concentration in marama bean leaves 
The procedure for chlorophyll determination was as described by Hiscox and Israelstam 
(1979), where di-methyl sulphoxide (DMSO) is used to extract the chlorophyll from fresh 
leaves. Fresh leaves (third leaf from the tip) were plucked from plants treated with nitrate 
of different concentrations and from plants treated with N from different sources to test 
whether nitrogen concentration and its sources have any effect on the chlorophyll 
concentration of marama bean leaves. 
Leaf tissues weighing about 100 mg (the middle portion of the leaf) were cut into small 
fractions and placed in 15 mL plastic tubes containing 7 mL DMSO and incubated at 4 
°C for 72 h. After incubation, the extract was diluted to 10 mL with DMSO, 3 mL of the 
extract was transferred to the cuvette and its absorbance was read on a spectrophotometer 
at 645 and 663 nm against the DMSO blank. The concentration of total chlorophyll was 
calculated by setting up simultaneous equations using the specific absorption coefficients 
for chlorophyll a and b as described by Amon (1949). 
4.2.2 Determination of nitrate reductase activity in organs of marama bean 
Nitrate reductase activity (NRA) was assayed using the in vivo method of Jaworski 
(1971). The incubation mixture contained 0.1 M phosphate buffer (pH 7.7) and 0.1 M 
nitrate. The propanol concentration used was 1 % (v/v), this increase the permeability of 
the tissue to nitrate and nitrite (Blacquiere and Troelstra, 1986). The reaction was 
conducted anaerobically in the dark to prevent oxygen from competing with nitrite for 
endogenously generated reduced pyrimidine nucleotide and reduction of nitrite produced 
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to ammonia, by flushing with nitrogen gas. Duplicate samples of 0.4 g fresh marama 
leaves were cut into small pieces added to 10 mL of the incubation mixture and incubated 
in a water bath at 30°C. From these, duplicate samples of 0.5 mL were taken after 20 
min of incubation. To these, 1 mL sulphanilamide and 1 mL N-l-naphthyl-ethylene-
diamine-dihydrochloride solution (NED) were added and mixed by vortex. The nitrite 
concentration ().tmoles N02".g Fwr'h"') was calculated from the absorbance of the 
developing pink colour at 540 nm, using a nitrite standard curve. 
4.2.3 Carbohydrate analysis 
Soluble non-structural carbohydrates (sugar) \vere extracted from dried, finely ground 
samples of plant leaves, stems and tubers with SO % v/v ethanol, and auto-extracted at 0 
°C for 72 h. The extracts were centrifuged and the supernatant adjusted to 25 mL. The 
ethanol insoluble non-structural carbohydrates (starch) were hydrolyzed from the air-
dried pellets from the sugar extraction with boiling 3.2% HCl (3 mL) for 3 hours. 
Carbohydrate concentrations were calculated from the absorbance of the developing 
yellow colour of the phenol-sulphuric acid reaction at 490 nm, using a calibration curve 
for glucose as described by Buysse and Merckx (1993). 
4.3 Results 
4.3.1 Effects of nitrate application and l\'-source on the concentration of total 
chlorophyll in manuna bean le~lVes 
When marama bean plants were supplied with different concentration concentrations of 
nitrate, the concentration of chlorophyll in leaves increased with increasing nitrate supply 
(Fig. 4.lA), and was signili"Jnlly different from that of the control for 2, 5 and 10 mM 
nitrate irrespective of the year of study. Chlorophyll concentrations in leaves of plants 
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from Year II experiments were general I y higher than those obtained for plants from Year 
I experiments. The highest chlorophyll concentration was obtained when plants were 
supplied with 5 mM nitrate (25.31 and 34.56 mg.gFwf l for Years I and II respectively). 
When plants were fed with nitrogen from different N-sources, the chlorophyll 
concentration of leaves from Year I experiments was not affected by N-source (Fig 4.1 
B). However with Year II experiments, chlorophyll concentration increased significantly 
with the supply of 2 mM nitrate or 1 mM ammonium nitrate compared to control (Fig. 
4.1B), but was unaffected by the application of2 mM ammonium. 
4.3.2 Effects of nitrate application and N-source on nitrate reductase activity in 
leaves of marama bean plants 
The NRA of leaves from both Years I and II experiments increased significantly with 
nitrate supply (Fig. 4.2). As was the case with chlorophyll concentration, leaf NRA data 
for Year II experiments were ::;encrally higher in magnitude than those obtained for Year 
I. Nitrate reductase activity of tubers determined for Year II experiments was 
significantly increased at only the 10 mM nitrate level (Fig. 4.2). 
In order to confirm the results from the N-source experiments, the assay of nitrate 
reductase was performed several times for each set of experiments (4 times for Year I 
experiments and 3 times for Year II experiments) and the averages of these were 
computed as shown in Fig 4.3. During both years, nitrate reductase of marama bean 
leaves was significal1lly increaseU when ammonium was supplied as an exclusive source 
ofN as well as by the appliGltion of2 mM nitrate. The highest leafNRA was obtained 
when plants were supplied \vith ammonium as an exclusive N source for both years. 
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Although there was a general increase in leaf NRA for both years when plants were 
supplied with 1 mM NH4N03 compared to control, the increase was only significant for 
the first year. 
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Figure 4.1. The effects of A) nitrate application and B) nitrogen source on chlorophyll concentration of 
marama bean leaves harvested from year I and year II pot experiments. Bars (means ± SE, n = 4-6) with 
different letters are significantly different (P ::;; 0.05) 
37 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
2 " YEAR! d YEAR II :;- 6.0 
.c I ... e .c 
i 1.6 J ..- 5.0 i LL. LL. 
I:» t» 4.0 ;... 1.2 .. 
0 0 z z 3.0 
I/) 0.8 <I) Q) G> '0 '0 2.0 E E ~ 0.4 
..;. 1.0 <t a:: ~ z 0 z 0.0 
- 4 ..-... 
.c 
'i. 
~ 3 
u.. 
C) 
N 
0 2 z 
<I) 
G> 
"0 
E 
..;!. 
~ 
Z 0 
0 2 5 10 0 2 5 10 
Nitrate concentration (mM) Nitrate concentration (mM) 
Figure 4.2. The effects of nitrate concentration on nitrate reductase activity of marama bean 
leaves harvested from year I and year II experiments respectively. Bars (means ± SE, n = 6) with 
different letters are significantly different (P ~ 0.05). 
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Figure 4.3. The effects of nitrogen source on nitrate reductase activity of marama bean leaves of 
pot-grown plants during two different years of growth. Bars (means ± SE, n 16-24) with 
different letters are significantly different (P ~ 0.05). 
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4.3.3 Effects of nitrate application, N-source and phosphate application on marama 
tuber yield 
When the effect of nitrate supply on marama bean was assessed, tuber yield of 1 
months-old plants from Year I increased significantly with increasing N03 concentration 
relative to the control plants, almost reaching a plateau at 2 mM nitrate with only minimal 
increments in leaf NRA at concentrations higher than this (Fig. 4AA). In year I, the 
highest tuber yield (118.8gFwt.planf1) was obtained at 10 mM N03-, while with Year II, 
the 2 mM N03--fed plants produced the biggest tubers (122.1 g Fwt.planr l ) as shown in 
Fig.4A 
The effect of phosphate application on tuber yield was not consistent. The highest yields 
obtained for Year I (90.5 ± 23.7 gFwt.plan(1) and Year II experiments (131.0 ± 13.0 
gFwt.plan(1) come from plants supplied with 5 mM phosphate; and this increase was 
significant for only Year II experiments when compared to control (FigAA). 
In the experiments involving different N-sources, tuber yield of marama bean plants 
increased significantly compared to control when supplied with either 1 mM ammonium 
nitrate or 2 mM nitrate in both Year I and II. However, the supply of NH/-N did not 
have any significant effect on tuber yield of marama bean plants (Table 4.1). Infact, for 
year II, the application of NH4 + as an exclusive N source decreased the marama bean 
tuber yield compared to control. 
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Figure 4.4 The effect of nitrate and phosphate application on tuber yield of pot-grown marama bean plants 
during two different growth years, n = 6. 
Table 4.1The effect nitrogen source on marama bean tuber yield. Values (Mean ± SE, n 
6) followed by the same letter within a column are not significantly different (P ~0.05). 
- .. --.. ----~--------------
N-sOl/rce 
OmMN 
1 mM NH4NOJ 
2mM NO,' 
2mM NH4' 
Year I tuber yield (g Fwt) Year II tuber yield (g Fwt) 
25.13 ± 3.85a 
34.02 ± 3.00bc 
37.09±5.74c 
30.36 ±3.54ab 
34.11 ± 2,44ab 
39.15 ± 1.84b 
37.52±3.70b 
29.28 ± 1.23a 
4.3.4 Effects of nitrate application, N-source and phosphate application on marama 
bean growth and dry matter yield 
Applying 2, 5 or 10 mM N03' significantly increased shoot, tuber and total dry matter of 
plants from Year I experiments (Fig, 4,5). Shoot dry matter of plants from Year II 
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experiments were significantly increased when plants received 2 mM or 10 mM N03-. 
However, tuber dry matter and total dry matter values were highest with 2 mM NO]-
supply to Year II plants (Fig. 4.5). 
When marama plants were supplied with nitrogen from different N-sources, dry matter of 
shoots from Year I experiments was significantly increased by the application of 2 mM 
NO) . Tuber and total dry matter also increased when plants were supplied with 2 mM 
N03 , but they were not significantly different from that of control plants (Fig .4.6). This 
effect was not reproduced in plants from Year II experiments. Dry matter accumulation in 
plants from Year II experiments was significantly increased with provision of 1 mM 
ammonium nitrate. However, when either 2 mM N03- or ammonium alone was supplied, 
plant dry matter was not signi Cicantly affected compared to control (Fig. 4.6). 
Phosphate application produced mixed results. Feeding 1 mM phosphate to marama bean 
significantly reduced dry matter in Year I experiments. But shoot, tuber and total dry 
matter were not significantly affected by supply of 2, 5 or 10 mM phosphate (Fig. 4.7). 
However, shoot dry matter in Year II experiments was significantly increased in plants 
receiving 1 mM phosphate, in contrast to the results obtained for Year II experiments. 
Although supplying 10 rntvl phosphate significantly increased shoot dry matter, tuber and 
total plant biomass was not significantly affected by phosphate application (Fig. 4.7). 
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Figure 4.5. Dry matter of A) shoots, B) tubers and C) mamma bean plants exogenously supplied 
with nitrate and harvested from year I and year Ii experiments. Bars (means ± SE, n 4-6) with 
different letters are SIgnificantly different (P :;; 0.05). 
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Figure 4.6. Dry matter of A) shoots, B) tubers and C) marama bean plants exogenously supplied with 
nitrogen from different sources and harvested from year I and year II experiments. Bars (means ± SE, n 
6) with different letters are significantly different (P ::; 0.05) 
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Figure 4.7. Dry matter of A) shoots, B) tubers and C) marama bean plants exogenously supplied 
with phosphate and harvested from year 1 and year II experiments. Bars (means ± SE, n = 4-6) 
with different letters are significantly different (P s: 0.05). 
4.3.5 Effects of nitrate application on carbohydrate concentration of marama bean 
plants 
The plants from Year II experiments showed higher sugar concentrations than those from 
Year I experiments. As shown in Table 4.2, the tissue sugar concentrations decreased 
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significantly with increasing NO}- supply to marama bean plants. The concentration of 
non-soluble carbohydrates (starch) in organs of marama bean followed the same pattem 
as the sugars, in that they were not only higher in Year II than Year I, their levels were 
also higher in tubers followed by stems and leaves. Relative to control, leaf starch 
concentrations in Year I experiments were markedly reduced with 1, 5 or 10 mM N03-
supply (Table 4.2). However, starch concentrations of stems and tubers from Year I were 
significantly lower in plants supplied with 1,2 or 5 mM NO} relative to control plants. 
The concentration of starch in leaves and stems from Year II experiments were not 
affected by NO}- supply, although the levels in tubers were significantly reduced relative 
to control plants (Table 4.2). 
4.3.6 Effects of phosphate application on carbohydrate concentration of marama 
bean 
An assessment of P supply on marama bean plants showed that sugar concentrations were 
highest in tubers, followed by stems, and finally leaves. However the species response to 
P was not consistent. Leaf sugar concentrations of Year I plants were significantly 
reduced when fed 10 mM phosphate compared to control. In addition, while stem sugar 
concentrations increased significantly in plants receiving 1 mM phosphate, it decreased at 
higher levels, 5 and 10. The concentration of sugar in tubers also reduced when plants 
\vere supplied with I, 2, and 10 mM phosphate, and increased significantly with the 
supply of 5 mM phosphate. However, phosphate application had no significant effect on 
the sugar concentration of plants from Year II experiments. Similarly, the starch 
concentration of marama bean plants was not affected by phosphate supply in both Year I 
and II experiments (Table 4.3). 
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4.3.7 Effects of nitrate supply and nitrogen source on total nitrogen concentration of 
marama bean tissues 
Nitrogen concentration measured as % N, was generally higher in shoots than in tubers 
"vith NO}- supply. As shown in Table 4.4, tissue concentration of N increased 
significantly in shoots and tubers at higher levels of N03- supply compared to control 
plants. Except for tubers, which showed an increase in N concentration with the provision 
of 2 mM N03- and 2 mM NH/, there was no response by other organs to the source ofN 
supplied to plants Cfable 4.4). 
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Table 4.2 Effecls of nitrate appitcation on sugar and starch concentration of marama bcan plant organs, 
Values (\1cun ± SE. n = 4-6) followed by the same letter wIthin a column are not sIgnificantly different 
(p :S;O(5) 
-, ... ~-~-.... ~---... ---~ 
Carbohydrate content ( mg/g dry matter) 
--~-~ ... ~--.. -------------.--.. ---.. ----
Year I 
Ni/role slIf'pil (111M) 
o 
I 
2 
5 
10 
,\lImll! (I/I:I!) 
() 
I 
2 
5 
10 
U 
I 
2 
5 
10 
SUral1! silpph' (111.\1) 
0 
.., 
"-
5 
10 
Leaves 
132 1.9d 
114 ± 6'(kd 
99,1 ±4.3cb 
87,6 ± 4,8ab 
72,8 ± lOa 
38.9 (),20c 
15,7 ±.0.42a 
39.1 ± 0.25c 
306 ± 0.40b 
JOO ± 0.38b 
188 7.0d 
169 4.8c 
129 5.2b 
117±5.5b 
71,8 ± 4,8a 
39.1 3.42a 
34.3 ± 1,00a 
41.1 3.03a 
35.0 ± O,89a 
35,9 ± 0,78a 
... --~ .... -~---... ----.... 
Stem 
Sligar 
189±4.7d 
137 Il.7c 
109 3.6bc 
85.6 4,9ab 
74.4 ± 2.1a 
Slarch 
48,2 ± O.73e 
19.8 0.55a 
31.7 ± !JOb 
46.6 ± 8.79c 
49.7 ± O.lle 
Sugar 
325::t: 21 ,8e 
231± 11.2d 
184 ± 2.65c 
143 ]J.7b 
101 6.67a 
SlaI'cli 
97.1 7.la 
860 4Ja 
82,8 2.9a 
64.3 5.3a 
86.3::: 4.0a 
Tuber 
355 ± 32.3b 
272±19.6a 
252 ± 4Ja 
236 3.5a 
221 7.6a 
82.2 ± 3.77c 
71.1 ± 3.53bc 
481 O.67a 
58.1 0.46ab 
70.7 ± 408bc 
692::t: I09d 
558 ± 35.7c 
415±48,7b 
315± 14.4ab 
254 41.2a 
137 ± 9,2d 
110 ± 8,Oe 
84.1 ± 1.9b 
72.9 6.2b 
537±l.7a 
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Table 4.3 Effects of phosphate application on sugar and starch concentration of marama bean plant organs. 
Values (Mean", SE, n 4-6) followed by the same lettcr within a column are nol significantly different 
(P ::;005) 
I'lwsplUlle SlIpp!\' (111M) 
o 
I 
2 
5 
10 
Plwsphale SIiPp/1' (I11A1) 
() 
I 
2 
5 
10 III \1 
YEAR II 
o 
I 
2 
5 
10 
jJlwspliate .11Ipp/l· (/IIA!) 
() 
I 
2 
5 
10 
Carbohydrate content ( mg/g dry mailer) 
Leaves 
Sugars 
16.0± O.90bc 
21.7 ± 2.62c 
I 1.9 0.42ab 
18.9 0.53c 
8.35±0.4la 
060ab 
0.49ab 
0.2% 
13.3::: 0.42a 
15.1 ± 1.24ab 
.<;ugar 
133::: 9.9a 
118±2.7a 
133 ± 8.3a 
118 ± l.7a 
121::: 3.1a 
Starch 
39.1 :::.3 42a 
34.3 ± 1.00a 
41.13.03a 
35.0 0.89a 
35.9 0.78a 
Stem 
213 ± 1.97e 
27.7 ± O.66d 
10.8 ± 0.48ab 
7.87 ± 0.28a 
II J ± 017b 
20.2 0.58a 
16.1 ±0.3Ia 
17.6 ± 0.55a 
19.3", 1.I6a 
17.2 lAI a 
48.4 ± 8.2ab 
72.1 ± 9.3b 
37.0 4.2a 
64.9 12ab 
79.9 ± 16b 
320 3.44a 
42.7 6.52a 
36.0 5.62a 
41.8 ± 5.63a 
45.9 ± 8.40a 
Tuber 
376 ± 400d 
175 ± 2.50b 
100 118a 
400 ± O.65e 
324 ± 4.66c 
50.0 ± 3.1 Oab 
52.3 2.73b 
43.8 0.51 ab 
43.8 2.72ab 
421 0.66a 
378 66a 
518 8Sa 
434 ± 95a 
382±46a 
401::: 29a 
78.5 13.4a 
III ± 17.4a 
93.2± 19Aa 
75.6 ± 5.52a 
88.9 ± 3.66a 
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Table 4.4 Effects of nitrate supply and nilrogen source on lola I nitrogen conlent 
Ifl shoots and tubers of mamma bean plants. Values (Means ± SE, 11 6) followed 
b\' the same letter \\lthin a column under each treatment arc not significantly different (P 0.05) 
Tolal N content in Total N content in 
Shoots (%) Tuber (%) 
,'1;lIra!!' (111M) 
0 1.56:': O.19a 0.54 0.05a 
180 ± 0.21ab 1.48 ± 0.22b 
2 157 0.21a 0.61 0.09a 
5 2.09 ± 026b 135 0.15b 
10 2.02 022b 1.62 + O.IOb 
:V source 
o rnM N 1.96 ± 0.16a 1.42±0.13a 
1 111M "ifL,NO, 2.22 ± O.IOa 1.56 0.13a 
2111M NO, 2.11 ± 0.08a 1.62 O.IOab 
2 111M NH4 2.17 0.19a 1.91 0.33b 
4.3.8. Effects of nitrate supply on plant mineral composition 
Plants fed different concentrations of NO)- were analyzed for both macro- and mlcro-
nutrients. As shown in Table 4.5, the concentrations of P, Ca and Mg increased in 2 and 
10 mM -fed plants relative to control. The concentrations of Zn, Mn and to some extent 
Cu, also increased at higher NO.1-levels compared to control. Supplying 1 to 10 mM 
N03- increased K concentration in tubers of both Year I and II experiments, but did not 
affect the levels of other macronutrients (Table 4.5). The concentrations of Zn, Mn, Fe, 
and to some extent Cu decreased significantly relative to control in the tubers of plants 
from Year I and II experiments (Table 4.5). 
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4.3.9 Effects of phosphate on plant mineral composition 
The effect of P supply on tissue concentration of minerals was precise compared to N 
application. Although there was a clearly significant increase in P and K concentrations 
in shoots of Year II plants with increasing P supply, shoot K levels were unaffected in 
Year II plants (Table 4.6). The shoot concentration of Zn was also increased by 1 and 2 
mM phosphate, but decreased at higher 5 and 10 mM levels in Year I plants (Table 4.6). 
As with shoots, the P and K concentrations of tubers increased significantly with 
increasing P supply to plants in both Year I and 11 experiments. In Year II but not Year I, 
the tuber level of increased in response to 2 and 5 mM phosphate (Table 4.6). Zinc 
similarly showed increased accumulation in tubers when plants were supplied with I to 5 
mM phosphate but not the 10 mM level. 
The decreased concentrations of soluble sugars III organs, especially photosynthetic 
tissues, could imply that N taken lip by marama bean plant is used up by the plant for 
growth or that it is rapidly incorporated with sugars into organic-N for storage in tubers. 
This may then lead to a decrease in soluble sugars as \vell as represent a mechanisms by 
which this legume accumulates N in tubers as reserves for re-growth and seed protein 
fom1ation. 
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Table 4.5 Effecls ofnilmle application on nutrient concentration in marama bean plant tissues. Values (Means ± SE, n 
~ 4-6) followed by the same letter within a row are not significantly different (P < 0,(5). 
T\itrate concentration (mM) 
Concentration of 0 
nutrient in tissue 
Shoo/s 
P% 
K% 
Ca% 
Mg ~o 
Cu mg kg 
Zn mg, kg 
Mn mg!kg 
Fe mgikg 
TuncI' 
P% 
K oco 
Ca% 
°0 
ell mgkg 
Zn mgkg 
Mn 
Fe mg,kg 
Tuba 
P °'0 
K% 
Ca ~/O 
Mg% 
Cll 
Znl11g kg 
\ll1mg.kg 
Fe mg kg 
0,05 ± 0.00 a 
040 O,OOa 
0.18 0,03a 
0,05 0,01 a 
1.69 ± 042a 
184 ± 349u 
8.93 143a 
138 ± 28.0b 
0,50:': 0 lib 
1.90 ± 0.16a 
044 O.Olb 
0.20 O.02a 
4.10 0.33c 
40,3 3.91b 
6.10 ± O.31b 
209 ± 48.0b 
O.22±O.Ola 
0.70 ± 0.233 
0.37 ± O,02a 
0.20 ± O.Ola 
035 O.Ola 
44.9 O.45c 
4.53 O.De 
140 18.7c 
0.05 ± 0.00 a 
040 ± (),()Oa 
0.34 ± 0,03a 
0.10 ± O.Olb 
1.53 O.lla 
16,1:,:: 240a 
7,50 O,(JOa 
75.3'. 9.1 a 
0.28 0.05a 
1.31 0.21a 
030 D.05a 
016 ± 0,03a 
2.54 ± O,23b 
26.5 ± 542a 
3.39 ± 0.16a 
105 9.75a 
0.21 IO.Ola 
1.55 O.05b 
0.39 0.03a 
1.57 O.03b 
3.13 022b 
45.7 ± 6.79c 
4.73±02Ic 
124 ± 427bc 
2 5 
0.08:,:: O,02b 0.05 ± O,OOa 0.11 O,02b 
0,54 ± O,OSa 040 ± O.OOa 050 0.05a 
I.G9 ± O.IGb 0,24 O.lla 142 o 12b 
037 O,08c 0,06 ± O,02a 0,27 ± O,02bc 
319 073ab 2,27 ± 1.21 ab 5.65 ± IOlb 
22.8 },60a 35.6 ± 7.70b 67,2 ± 14Se 
170 I.OOb 7.50 ± O.OOa 259 0.66c 
127 ± 9,Ob 68.0 ± 23.7a 165 37.7b 
0.29 0.03a 0,23 ± 0,04a 0.22 O,03a 
1.59± O.IGa 1.73 ± 0,21 a L81 :':: 0.15a 
042 ± 004b 036 ± O.Olab 045 (J.()2b 
023 ± OOOa 0.21 0.01 a 023 (J.Ola 
2.95 t 042b 188 0.17a 2.09 to.31 ab 
28.0 ± 4,36a 23.1 4.37a 214 3.78a 
413 O.31a 3.51 ± O.Gla 3,21 ± O.22a 
141 ± IUa 112±19.2a 101 9.75a 
022 0.0 I a 0,25 ±OOla 0.22 ± 0.01 a 
150 (U)5b 1,36 ± 007b 1.47 0.08b 
041 t O.03a 0.34 ± O.02a 0.34 ± 0.02a 
0.24 :t 0.02a 0.23 ± 0.01 a 0.27 ::00 I a 
2.861: 021b 3.21 O.16b 2,10 t O.20b 
33.7 ± 2J8bc 161 1.73a 26.6 ± 4.64b 
3.67 026b 321 O.17b 207 () 14a 
106 2.00ab 96.9 ± 9,Oab 85.7 ± 6.lla 
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Table 4.6 The effect of phosphate application on nutrient concentration 111 marama tIssues. Values (Means SE, n 
·i-(,) follo\\ed by the same leiter withlfl a row a rc not dlffercnt (P OJ)5). 
Conccntration of 
nutnent in tissue ---... ~ ... 
Year I 
Shoots 
p D· O 0.05 O.OOa 0.07:t 0.01 a 045 0.04b 044 0.05b 045 O'(l7b 
K% 0.42 :+: (102a 040 O.OOa 0.54:,: (J.09a 0.52:+: 0.06a 0.50 ± 0.06a 
Ca~o 0.53 O.Olb 0.31 ± 0.(J7a 083 ± 0.09b OA6 O.03ab 0.37 ± (l.06a 
Mg °/0 0.1 O.03b 0.05 ± 0.0 I a 0.17 ± 0.02b 0.16 Q.03b 0.12 ±0.02b 
Cu mg'kg 209 ± 0.20a 147 0.21 a 3.61 ± 044b 2.28 ± 047a 242 0.28a 
Zn mgkg 45.5 2.20b 60.6 ± 2.65c 69.8 6.16e 32.9 ± }.98ab 18.8 ± 3.28a 
Mn mg/kg 7.99 ± 0.66ab 9.19 0.91b 13.6 ±. 2.24b 6.05 ± 0.60a 588 O.94a 
Fe mg'kg 84.8113.la 88.3 11.9ab 119 5.89b 77.5 ± 304a 74.2 ± 10.8a 
Tllher 
po., 
. " 010 O.Ola (JA6 ± 002b 063 007b 0.63 ± 0.06b O.6() 0.0% 
K ~(l 1.36 ± (). lOa 2.04 ± 0.12b 2.07 0.31b 2.]3 10 12b 255 0.35b 
Ca% 0.32±0.0Ia OA5 ± O.02b 0.39 ± 0.04ab OA2 ± 0.07ab 0.35 O.02ab 
Mg 0/0 0.21 :tOOla 027 0.02a 0.23 ± O.05a 021 0.02a 019 ± O.Ola 
CLI mg'kg 2.53 ± 039a 2.74 029a 2.77 ± 009a 2S0 OJ5a 3.57 ± O.62a 
Zn nlg"kg 33.7 = OSSa 604 6.50b 46.2 4.60ab 50.5 7.22b 26.9 ± 3.52a 
Mn I11g,kg 2.58 0.66a 3.91±O.llb 284 053ab 2.17 :'c. 0.2Sa 2.02 020a 
F' c mgkg 113 5.50a 167 ± 25.7b 104 ± 15.6a 94.9± 15.2a 106 ± IO.5a 
Year II 
Sh()ols 
P% 0.14 (l.O I a 0.56 ± (lJJ09b 075 o 12bc 1.01 ± O. 17e 1.17 ± 023c 
K ~o 0.60 O.14a 1.52 ± O'(l6bc 135 O.Ob 2.18 ± O.2ge 2.90 ± 03ge 
Ca% 1.181:011b 1.07 ± 0.07b 1.12 0.0% 0.46 ± O.OSa 093 O.OSab 
iv1g ~!o 047 0.05a 0.4 7 ± 0.05a OAS 10.04a 040 ± 0.03a 040 0.02a 
CUl11g'kg 110 = 0.60b 7.43 046ab 7.16 O.52ab 5.58 O.72a 8.06 O.83ab 
Zlllllg!kg 48.1 ± 7.65b 49.7 9.65b 19.72: 11.8a 33.S 4.84b 46.6 ± 4.51b 
Mil IS.9 ± 3.00a 15.151.2.0Za 13.21 1.87a 13.0S 1.62a IS3 ± 2.00a 
Fe 306.3± 35.1 c 185.1 15.2a 263.71307ab 144.6 13.7a 2784 ± 39.% 
Til iJ ['I' 
P% O.10±0.Ola 0.37 O.Olb 0.52 ± (l.04bc 075 ± 0.07c 0.67 ± O.04c 
KO ,0 1.35 ± OJ)6a 1.63 ± O.06a 2.15 ±O.llab 2.52 0.0% 2.84 ± 0.22b 
Ca l~'O 040 0.03a OAI±O.Ola 045 0.04a 0.34 ± 0.02a 038±0.0Ia 
Mg% 025 O.Ola O.19iO'()2a 0.25 :t: 0.02a 0.20 0.01 a 0.16±0.0Ia 
Cu I1lg'kg 6.27 1.03b 73 I ± O.72b 517 OA6ab 333 ± 0.17a 3.31 0.28a 
Zlll1lg kg 28.] ± 533b 22.7 4.28ab 29.3 ±444b 19.5±2.lla 14.9 1.21a 
i\'1J11ng kg 2.75 ± 034a 189 0.16a 2.41 0.23a 4.22 ± 1.50b 3.12 0.15ab 
Fe Illg 65.2 ± 5.57a 65.2 3.26a 104.5 ± 13.6b 92,3 16.0b 57.2 ± 2.65a 
-_ .. _-_ .. _-- ----------------------------
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4.4 Discussion 
Analysis of mineral nutrients in marama bean soils collected from "Namibia and Botswana 
revealed very low concentrations of plant-available N (see Chapter 3). The levels of 
N03 -1\ and NH/-N were extremely low ranging from 0.24 to 14.0 mg-N/kg. Studies of 
the species' preference for the two fom1s of N (i.e. N03--N and NH/-N) shO\ved that 
marama bean can efficiently utilize both N fOlms for growth. A series of experiments 
revealed increased chlorophyll concentrations and NRA with increasing nitrate supply 
(FigA.l A) and with different sources of N supply compared to control (Fig.4.1 B). The 
increased NRA with higher concentrations of NO,- or NH4N03 is consistent with the 
findings of several studies (Andrews et al., 1984; Atkins et al., 1980; Geiger et al., 1999; 
Pate ef a/., 1980; Wallace, 1986). Data from ~ source experiments for Year I and 
Year II showed that, with this legume, 2 mM NH/ could stimulate NRA. to levels 
significantly higher than that of 2 mM NO,- (Fig. 4.3). This finding is inconsistent with 
standard infOlmation in the literature (Andrews et aI., 1984; Atkins et al., 1980; Wallace, 
1986). Since nitrate reductase enzyme is an inducible enzyme, its favoured response to 
ammonium application was not fully understood. It is however, very important to note 
that the in situ nitrate reduction rates are controlled by other factors such as the limitation 
by reducing powers, changing environmental conditions and by the efficiency of nitrate 
translocation from roots to the site of reduction. It can, however, be in felTed that this 
activation of NRA by ammonium nutrition could be due to nitrification of the ammonium 
ion which has been reported to occur at warm temperatures (llies and Mavinic, 2001; 
Kim et aI., 1997). This trait may speculatively be useful in N acquisition by marama bean 
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In its ~-poor environment. Future studies should include measurements of KRA at 
different temperatures to explain the activation ofNRA in this legume species. 
Growth response of mamma bean plants to different concentrations of N03 (Figs. 4.4 A) 
were predictable and conformed predictably with the findings of previous studies 
(Andrews el al., 1984; Atkins, 1982; Atkins et al., 1980; Pate et al., 1980; Sprent, 1980; 
Wallace, 1986), in that, growth of mamma bean plants increased \vith N supply and 
concentration (Figs 4.4 and 4.5). The provision of 2 mM N03- seemed to be the optimal 
nitrate concentration for marama bean growth (Figs 4.4A). However, unlike N03 , the 
application of phosphate at different concentrations produced an inconsistent pattern of 
growth response (Fig. 4.4B). Although the data for P supply were less precise in pattem, 
supplying mineral nutrients to marama bean in cropping systems is likely to promote 
growth and increase both grain and tuber yields. Such improved N nutrition is also likely 
to increase the protein levels in seeds and tubers, and thus promote its market value as a 
ne\v crop for food and livestock development. The provision of exogenous N03- in the 
lleld markedly decreased the concentrations of nutritionally important nutrients sllch as P, 
Cu, Zn, Mn, and (.Tovan! et aI., 2001) in edible tubers, but not in shoots (Table 4.5). 
Cnlike 1\03-, supplying different concentrations of phosphate significantly increased 
nutritionally-important nutrients such as P, Ca, K and Zn in tubers, indicating that with 
field research on Nand P management, the decreasing nutrient quality promoted by 1\03 
nutrition can be overeome by phosphate supplementation. 
Besides the changes in tissue nutrient profile, NO) supply also altered the concentrations 
of soluble sugars in organs of marama bean plants (Table 4.2). For example, increasing 
the N03- supply to roots from 0 mM to 10 mM showed progressively decreased 
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concentrations of soluble sugars in all organs. Except for tubers, where the decrease was 
gradual, leaf and stem sugar levels were generally two-fold lower in 10 mM N03--fed 
plants compared to the zero-l\03 eontrols CTable 4.2). These results are inconsistent with 
those obtained for tobacco plants (Geiger el al., 1999) where soluble sugars in leaves rose 
with increasing concentrations ofNO]- supplied to the roots. As with sugars, starch levels 
in tubers and, to some extent, in leaves also increased with increasing NO) 
concentrations (Table 4.2), a finding consistent with that obtained for tobacco plants 
(Geiger et al., 1999). 
The decreased concentrations of soluble sugars in photosynthetic organs with increasing 
NOj- nutrition could imply that N taken up by marama bean plants is rapidly incorporated 
with sugars into organic-N for storage in tubers hence the leaf and stem decrease in 
soluble sugars. In a sense, this could represent a mechanism by which the legume 
accumulates N in tubers as reserves for re-growth and fOlmation of high-protein seed. 
This argument is supported by the relatively greater tuber dry matter (Fig. 4.5 B) 
compared to shoot biomass (Fig. 4.5 A) when plants were grown in different 
concentrations of NO}. However, for a C3 legume, which grows in the sunny hot 
Kalahari desert, a photosynthetically-driven N accumulation in tubers may not be a 
sustainable mechanism for enhanced N nutrition due to the expected high rates of 
photorespiration (Noctor et al., 2002) 
The growth response of marama bean to Nand P supply under semi-controlled conditions 
is interesting in many ways. It has bcen argued by Bieleski and Lauchli (1983) that 
growth rates of plants from nutrient-poor soils, slich as marama bean from the Kalahari 
desert, are genetically controlled to be at low level, in keeping with the low nutrient 
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supply from the soil. However the growth response obtained here for 1\ and P application 
is inconsistent with that hypothesis. In fact, other studies also found Aspalanthus linearis, 
originally from the nutrient-poor soils of the Cedarberg, South Africa, to increase its 
growth and N2 fixation vvith exogenous Nand P supply under both field and glasshouse 
conditions (Muot11e and Dakora, 1999 b, c). Another study (Muothe and Dakora, 1999 b, 
c) also did not suPPOtt the notion that growth of plants from nutrient-poor environments 
is genetically pre-determined by the low nutrient condition. On the contrary, the findings 
obtained here and in other studies (Muothe and Dakora, 1999 b, c) suggest that the 
cultivation of under-developed crops from nutrient poor marginal areas can be expanded 
through the use of mineral fel1ilizers or via planting in agriculturally-fertile soils. 
Therefore, there is a potential for developing marama bean into a new crop. 
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Chapter 5: Field Assessment of Plant Growth and N 
Nutrition in Wild and Cultivated Marama Bean Plants 
5.1 Introduction 
In Africa, a large number of native plant species with great production potential are being 
exploited for a variety of uses. If such species could be manipulated for yield 
enhancement and nutritional upgrading (e.g. increasing seed protein content) it is possible 
that they could become new crops with great market potential and yields that surpass that 
of conventional crops (Ignacimuthu and Babu, 1987). Marama bean (Tylosema 
esculentum), a legume native to the Kalahari desert in Southern Africa is one of such 
plant species. Marama bean is adapted to a wide range of climatic conditions and to the 
nutrient-poor soils of these semi-arid areas. It produces edible grain and tubers that are 
highly nutritious (Keegan and Van Staden, 1981) and are an important part of the diet of 
the native inhabitants. These attributes indicate that marama bean is probably worthy of 
cultivation as a new crop. However to domesticate marama bean as a crop requires a 
deeper understanding of its N nutrition, especially in relation to how and where it obtains 
its N under the near- desert conditions. 
The use of the 15N natural abundance technique to quantify contribution of biological 
nitrogen fixation to any plant is based on the observation that N derived from soil is 
generally slightly different from that of the air (Shearer and Kohl, 1986). Plants obtaining 
all N from the soil generally show a positive 015N signal. The technique is applied by 
estimating the 15N abundance of the N2-fixing species and analyzing the 15N abundance 
of non-N2-fixing species in its surrounding (Boddey, 2000). The natural abundance vary 
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among N pools in the ecosystem. For example, soil processes of mineralization, 
nitrification and denitrification (Koba et al., 1998) are frequently accompanied by strong 
fractionation that may leave product pools depleted in 15N and substrates pools 15N 
enriched. Additions of atmospheric N2 or other gaseous forms of N further modify S15N 
signatures of mineral and organic ~ pools in soil (Heaton et al., 1997), resulting in 
varying 015N signatures of plant available N forms (Yoneyama, 1996). Observed 
differences in 015N in different plant species are hypothesized to reflect different N 
acquisition strategies (Hobbie et al., 2000), including the role of mycorrhizal symbiose 
and the utilization of mineral or organic soil N forms by plants (Michelsen et al., 1996). 
Differences in Ol5N within plant organs have also been reported (Shearer and Kohl, 
1980). This distribution of 15N among plant organs is of interest, because the variation of 
among plant parts may shed light on metabolic processes within the plant. The aim of this 
work \vas to i) estimate growth including reproductive potential in field plants, ii) 
determine the source of N nutrition using the 15N natural abundance method and, iii) 
evaluate plant response to Nand P fertilizer application under field conditions. 
5.2. Materials and Methods 
5.2.1 Determination of 015N Values and %N in Leaves of Marama Bean and 
Reference Plants. 
Leaves of marama bean plants and that of its associated species were oven-dried at 60 "C 
to constant dry weights. Leaves from one sample plant were pooled together as one 
sample, three to four plants were used per species as replicates. After weighing, the 
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samples were finely ground for analysis of Sl5N and %N using a Finnigan MAT 252 
mass spectrometer (Bremen, Germany), 
5.2.2 Distribution of 0 151'\ Values and (%N in marama bean vines. 
The vines of four marama bean plants were collected from Makgobokgobo Site 1 in 
Botswana and separated into individual branches. The number of leaves per branch and 
number of leaves per main stem were counted, Because there were different number of 
branches per vine, (ranging from 7 - 13), the first branch closest to the base of the stem 
was termed "lower branch" and the last branch closest to the apex of the plant called 
"upper branch", the same fashion was employed to obtain a "lower quarter branch" and 
an "upper quarter branch", Similarly, the first two leaves on the branch were referred to 
as "lower leaves" and the last two at the end of the branch, the "upper leaves", Leaves on 
the main stem were also named in the same way, These individually labeled branches and 
leaves were oven-dried at 60°C and their dry weights determined, The samples were then 
ground to a fine powder and analyzed for (515N and %N using a mass spectrometer. 
5.3 Results 
5.3. 1 Growth and reproduction in wild marama plants 
The average number of vines per plant of the four plants sampled at Sandveld was 11.0 ± 
2.45 and that of branches per vine was 30.8 ± 6.57 (Table 5.1). Vines had leaves with the 
mean value of 57,0 ± 3,89 per vine, and average vine length per plant was 4,13 ± 0,37 m 
(Table 5.1), The average number of pods per plant was 23 ± 10 with vines bearing 7,33 
3.48 pods on average (Table 5.2), A total of 587 pods were collected from a wild 
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population of marama bean. Of these, 59.3% were single-seeded, and 40.7 % double-
seeded (Fig. 5.1). In this study, no pods were found to have more than two seeds. 
Table 5.1 Number of vines and vine length per plant or branches and leaves per vine, 
podsper plant and pods per vine of wild marama bean plants measured at Sandveld, 
Namibia, on 24 March 2001. 
of vines/plant 1 I 
Number of branches per vine 30.8 ±6.57 
57.0 ± 3.89 
4.13±O.37 
23 ± 10 
7.33 ± 3.48 
Number of leaves per vine 
Vine length per plant (m) 
Number of pods per plant 
Number of pods per vine 
100 -
"0 80 ~ 
Q) .... 
59.3 (348) t.J 
~ 60 ~ 
'15 
t.J 
III 
40 J "0 
0 
a. 
~ 0 20 1 
i 
I o ~ 
40.7 (239) 
Single-seeded Double-seeded 
Type of pods 
Figure 5.1 Single vs. double-seeded pods from Sandveld, Namibia 
5.3.2 Characteristics of marama bean tubers 
The average sizes of tubers of plants dug up from different sites in Namibia ranged from 
41.0 ± 5.34 to 52.0 ± 1.53 em long and were 51.3 ± 2.60 to 71.5 ± 9.31 em thick. Mean 
tuber fresh weights ranged from 3.38 ± 0.69 to 7.33 ± 2.45 kg per tuber, and mean dry 
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Site 
weights 0.51 ± 0.07 to 0.87 0.26 kg per tuber. The water content was above 80 % of 
tuber fresh weight (Table 5.2). 
5.3.3 Leaf () I sN and %N of marama bean and reference plant species 
Table 5.3 shows the variation in olsN values of leaf tissues sampled from marama bean 
(Tylosema esculentum) and other plant species growing in the same site. The 015N of 
marama bean leaves from Sand veld were significantly different from those of Grewia 
retinervis and Acacia hebeclada sampled from the same site. olsN of mar am a bean leaves 
sampled from Makgobokgobo and Buitepos were not significantly different from those of 
associated species (Table 5.3). However, the olsN values of plant species collected from 
Buitepos were slightly higher than those of the same species obtained from Sandveld and 
Makgobokgobo. The %N of marama bean plants from Buitepos was 2.63 0.21 % 
compared to 1.65 ± 0.02% for Sandveld in Namibia, and 2.46 ± 0.10 % for 
Makgobokgobo in Botswana (Table 5.3). 
Table 5.2 Characteristics of marama bean tubers harvested from wild plants of unknown 
ages in Namibia, between 13 and 15 May 2001. Values are Mean SE, n = 3 - 4. 
Mean tuber Mean tuber Mean tuber Mean tuber Mean water 
length circumference Fwt. O\v1:. (kg/plant) content (%) 
(cm) (cm) (kg/plant) 
Sandveld Site 1 50.3 ± 3.17 60.3 ± 4.81 4.90 ± 0.57 0.67 ± 0.08 86.0 ±O.OO 
Sandveld Site 2 41.0 ± 5.34 59.7 ± 7.69 3.38 ± 0.69 0.51 ± 0.07 80.3 ± 8.76 
Sandveld Site 3 52.0 ± 1.53 51.3 ± 2.60 3.97 ± 0.69 0.59 ± 0.12 85.3 ± 1.33 
Buitepos 50.5 ± 5.69 71.5 ± 9.31 7.33 ± 2.45 0.87 ± 0.26 88.0 ± 1.35 
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5.3.4 N concentration, N allocation and (j ISN distribution in wild marama bean 
vines. 
The alsN values and N content or concentrations in leaves were always higher than those 
obtained for branches (Fig. 5.2). However, there was no significant difference between 
branch and leaf {j J 5N values sampled from different positions on the main stem. The total 
N of leaves and branches did also not differ significantly with position on the stem, 
although a l5N values and total N of leaves from the upper branch were generally higher 
than the rest (Fig. 5.2). 
On a per branch basis, leaves on the lower quarter branch had the highest N content while 
the upper branch leaves generally showed the lowest N content. The a l5N values and the 
leafN of leaves sampled from the main stem, increased with their position away from the 
base of the stem, but the lower older leaves on the branch showed the lowest values, 
while the upper had the highest (Fig. 5.2). 
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Table 5.3 8 15N values of leaves of reference plants associated with marama bean at Buitepos, Sandveld and Makgobokgobo. The 
values arc Mean ± SE (n = 3 4). Values followed by different letters within a column arc significantly different (P sO.OS), nd = not 
determined (i.e. plants were not found at that site). 
Leaf Ol5N value (%0) --- Leaf nitrogen concentration (% ) 
Species Buitepos Sandveld Makgobokgobo Buitepos Sandveld Makgobokgobo 
1)1Iosem. esculentum 6.85±0.31a 5.90 0.30b 5.32±0.10a 2.63 ± 0.21a 1.65 ± 0.02a 2.46 ± 0.10a 
Bauhinia petersiana 6.62 ± O.13a nd nd 2.73 ± 0.08a nd nd 
Helicrysum mclanacme 4.72 ± 0.33a nd nd 2.94±0.19a nd nd 
Grewia refiner-vis nd 4.17 O.15b 4.91 ± O.lOa nd 2.26 ± 0.03a 2.16 ± 0.03a 
Geigeria ornativ([ 5.74 ± 0.21a 2.41 0.53a nd 2.24 ± 0.133 2.05 ± 0.10a nd 
Acacia lIeheclada nd 3.42 ± 0.14a nd nd 2.43 ± 0.07a nd 
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rpper (]uartcr bran('h 
Branch %:0; 1.29 ± 0.097 
Lt.f li",,= 4.63 ± 0.29 %u 
Leaf%" ~ 2.I0± 0.13 
6.00 ± 1.87 
mgN 
6.54 ± 1.01 
mg,1 
Lowe.f quartrr branch 
Branch [;":0; 3.86 ± 0.75 ji", 
Branch % " = 1.44 ± 0.21 
Leaf b "N= 4.50 ± 0.80 """ 
Leaf "1.,:0; 2.08 ± 0.47 
mg :'1/ 
[j15J\ 5.42±0.16%u 
'x. :'I ~ 2.64 ± 0.39 
rug J\ ~ 10.4 ± 2.49 
[) IS:" 4.76 ± 0.20')'>4) 
1.98±0.16 
7.07 ± 2.10 
6.01 ± 1.36 
Lipper branch 
Branch /)"" = 3.45 ± 0.31 :~" 
Branch %, N = 1.47 ± 0.20 
Leaf /j"N= 4.90 ± 0.36 X". 
Leaf % N = 2.42± 0.38 
Lo\\~.r (Juarter branch 
Branch Ii"N = 3.22 ± 0.27 jim 
Brallch % :'Ii ~ 1.25 ± 0.07 
Leaf [j1'N= 4.64 ± 0.16 X., 
Leaf% N= J.99±O.12 
Figure 5.2 Distribution of % N, D ISN and the variation of nitrogen 
content (mg N per leaf) in marama bean vines (n = 4 for branches 
and n = 8 for vine leaves and branch leaves). 
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5.3.5 Effects of Nand P application on fresh and dry weights of marama bean 
tubers. 
Compared to control, the tuber frcsh weights of marama bean plants supplied with 40 kg 
N ha- I as KN03 or 20 and 40 kg N ha-
I as calcium ammonium nitrate ( hereby 
abbreviated as Ca-NH4N03) were significantly increased (Table 5.4). In fact, the highest 
tuber yield (99.04 ± 12.14 g planf!) was obtained from plants supplied with 40 kg N ha'! 
as calcium ammonium nitrate. Except for plants receiving 20 kg N ha- I (KN03) or 20 kg 
P ha- I (TSP), all other treatments significantly out yielded the control in tuber production 
on a dry weight basis. 
Table 5.4 The effect of source and level of fertilizers on NRA, tuber fresh weight and tuber dry 
weight of field-grown marama plants. Values (Mean ± SE, n 4 -S) followed by the same letter 
within a column are not significantly different (P sO. OS). 
Fertilizer level Fertilizer source Tuber fresh weight weight 
o kg ha· 1 20.11 ±2.31a 2.16±0.36a 
20 kgN ha'i KNO.l 3S.78 S.llab 3.86 0.68ab 
40 kgN ha· 1 KNOJ 59.43 3.27b 7.41 ± 0.63c 
20 kgN ha- I Ca-NH4N03 56.93 ± 8.88b 6.99 ± 1.91bc 
40 kgN ha'i Ca-NH4N03 99.04 ± 12.14c 12.3 ± 1.47d 
20 kg N + 20 kg P ha'i KNO.1 +TSP 48.84 ± 8.53ab 5.42 l.04bc 
20 kg P ha'i TSP 45.43 11.8ab 4.46 ± 0.S4ab 
40 kg P ha'i TSP 41.10 ± J 1.8ab S.82 ± 1.43bc 
-_ .. -
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5.3.6 Effects of Nand P application on mineral composition of marama bean 
tubers 
Applying different amounts of Nand P to field plants of marama bean did not 
significantly affect the concentration of macronutrients in tubers (Table 5.5). However, 
with micronutrients, the concentration of Zn decreased significantly in tubers with the 
provision of 40 kg N ha- I as KNO), 20 and 40 kg N ha- I as Calcium ammonium nitrate 
(Ca-NH4NO]), as well as 40 kg P ha-
I as TSP when compared to the control (Table 5.5). 
The level of Mn was similarly decreased by the first three treatments and by 20 kg P as TSP. 
In contrast the concentration of eu increased over the control with the supply of 40 kg N as 
KN03, 40 kg P as TSP and 20 kg N + 20 kg P ha- I as KN03 and TSP (Table 5.5). 
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Table 5.5. Mineral concentrations in marama tubers of field grown plants supplied with varying levels 
SE, n = 5) followed by different letters within a column are significantly different (P:S; 0.05). 
Nand P. Values (Mean ± 
Macronutrient concentration (% ) Micronutrient concentration (mg/kg) 
fertilizer 
source N p K Ca Mg eu Zn Mn Fe B 
and level 
Okg ha" 1.74 ± 0.20a 0.29 0.03a I 29 0.11a 0.36 ± 0.04a O.I7±O.Ola 6.60 ± 0.70ab 477 ± 5.0% 6.53 ± 0.62b 136 ± 13.8a 870±O.6Ia 
20kgN hal 1.60 ± 0.33a 0.20 ± 0.03a U2±0.14a 0.35 J: OJJ4a 0.19±002a 5.1 ± 0.88a 52.6 ± 12.5b 4.70 ± 0 14ab 97.3 9.76a SJ9± 0.37a 
(KNo,) 
40kgN ha·' 170 ± 0.54a 0.24 ± 0.033 lAO 0.07a 0045 ± 0033 0.19±0.02a 10.2 ± 2A6b 31.8 ± 6.32a 4.43 ± 0.333 125 ± 21.4a 9.77 ± U6a 
(KNo,) 
20 kgN lkl-' 1.27 :I. 0.24a 0.20 O.02a 1.55 0.14a 0.41 ±O.04a 0.21 ± O.02a 6JI ± 1.00ab 31.8±6.20a 444 ± 04Xa 124 146a 10.3 ± O.72a 
(Ca-NII,NOI) 
40 kgNha" 
(Ca-NtuNo,) 1.62 ± O.27a 021 O.Ola 139 0.02a 0.36 0'()3a 0.19±0.0Ia 6.56 ± 042ab 274 ± 2.la 4.06 ± 0.26a 140 22.2ab 8.77 0.643 
20kgN+20kgP 
ha' (KNo, + 1.81 ± O.23a 0.29 ± 0.023 1.87:1.0.18a 041 ± 0053 0.24 ± 0.08a 9.12 ± 1.68b 77.0:!- 5')6c 636 ± O.55h 188 ± 34.0b 10.5 ± 0.973 
TSP) 
20 kg P ha" (TSP 0.90 0.14a 023 005a 1.39 ± 0.05a 0.33 ± O.Ola 0.17+.00Ia 6.16 ± 0.43ab 40.6 ± 8.56b 4.43 O.lla 145 ± 16.7ah 946 t O.99a 
40 kg P ha" (TSP) 1.55 ± 0.39a 0.33 ± 0.04a 1.22 ± 0.09a 0.38 ± 0.03a (J.l7 ±O.Ola 8.03 ± 152b 233 ± 1.47a 6.09 ± 1.30ab D4±15.la 9.05 ± 1.12a 
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5.4 Discussion 
Growth analysis of wild marama bean plants 
Data from growth analysis of wild plants depict the marama bean as a versatile crop. The 
ability of this legume to produce about 11.0 ± 4.2 vines per plant each measuring about 
4.1 ± 0.7 m and containing 30.8 ± ] 1.4 branches clearly indicates the extent of the above-
ground biomass production within a growing season. These features make the marama 
bean an ideal candidate for multiple uses in cropping systems. As a creeper, the highly 
foliaged vines of marama bean can serve as a cover crop, effectively controlling soil 
erosion and weeds, while maintaining soil moisture. On average, the vines alone can 
produce up t057.0 _ 3.89 leaves per vine. This potentially represents a huge 
photosynthetic source for servicing the tubers, which are a major sink. Excavation of wild 
marama bean plants of unknown ages showed tubers of varying sizes and weights. Tuber 
length ranged from 41.0 ± 10.7 to 52 ± 2.6 cm, tuber circumferences 51.3 ± 4.5 to 71.5 ± 
18.6 cm, tuber fresh weights 3.4 ± ].3 to 7.3 ± 4.8 kg per plant, tuber dry weights 0.51 ± 
0.15 to 0.87 ± 0.53 kg per plant and tuber water content 80.3 ± 17.5 to 88.0 ± 2.7 % 
(Table 5.3). 
A previous study (Dakora et al., 1999) has shown that fresh weights of tubers from wild 
marama bean plants can be up to 160 kg per plant, clearly indicating their size as a sink 
for photosynthates and water. Such a huge tuber mass can only be associated with older 
plants and/or improved nutrient supply (Table 5.5). The 80-88 % water content is close to 
the 87- 92 % obtained by Dakora et al. (1999) and, represents a considerable large 
buffering capacity for re-growth during drought. The use of tuber as a water reservoir 
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would no doubt be a mechanism by which marama bean is able to thrive in years when 
there is zero rainfall in the Kalahari desert (NAS, 1979). 
N nutrition in marama bean: the mystery of N source for the high protein 
concentration in leaves, grain and tubers 
As indicated elsewhere (Dakora et al., 1999) and in Chapter 3, marama bean is an 
indigenous legume that produces protein rich grain and tuber. Its origins are restricted to 
the N-poor soils of the Kalahari Desert where it has been shown to be a non-nodulating 
legume (Dakora et al., 1999). As shown in Chapter 3, soil NO}'-N, NH/-N and total N 
are extremely low (Jess than 0.06 %). The legume's non-symbiotic status combined with 
the low endogenous soiI-N level raises the question as to where marama bean obtains its 
N for high protein accumulation in grain and tubers. 
One hypothesis proposed by Dakora et al. (1999) was that marama bean probably obtains 
its N from deep NO}' capture beyond the reach of other plants species, or from naturally 
accumulated deep groundwater NO]' in subsurface soils. 
In this study, marama bean plants together with other species In the same site were 
assessed for their source of N using 15N isotope analysis. According to the 15N natural 
abundance methodology, legumes obtaining their N nutrition from rhizobial fixation of 
atmospheric N2 have lower 8 J5N (Shearer and Kohl, 1986; Muofhe and Dakora, 1999a) 
while those utilizing soil-N have higher 815N (Shearer and Kohl, 1986; Dakora et al., 
1999). 
As shown in Table 5.3, the 8 15N values of mar am a bean leaves sampled from Buitepos in 
Namibia were not significantly (P ~ 0.05) different from those of Helicrysum meianacme, 
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Geigeria ornativa and Bauhinia galpini, a close relative from the same phylogenetic tribe 
(Table 5.3). Similar studies conducted at Sandveld in Namibia, and at Makgobokgobo in 
Botswana show that the 6 15N signatures of marama bean leaves were not different from 
those of Grewia relinervis sampled from the same site from the two countries. In fact, 
the 8 15N values were similar for each species in the two countries (Table 5.3), thus 
confirming the precision of the technique as well as re-enforcing the commonality of N-
source used by marama bean and other associated plant species in the same locality 
within each country. But the fact that Bauhinia ga/pini, a close phylogenetic relative of 
marama bean was found to have similar 6 15N values as the test legume (6.62 ± 0.13 %0 
for B. gafpilli vs 6.85 ± 0.31 %0 for marama bean) strongly supports our view that 
marama bean does not obtain its N from a different source compared to other associated 
non-fixing species in the same site. The leaf 6 15N value of Acacia IIeheclada was 
however significantly lower than that of mara rna bean (Table 5.3) because the former is 
N2-fixing legume, which generally shows 15N depletion (Muofue and Dakora, 1999a) as a 
consequence of 15N discrimination by nitrogenase enzyme. Geigeria ornativa is the only 
non-legume from the same site whose 8 15N value differed significantly from that of 
marama bean. This could imply that G.ornativa feeds on a different soil-N pool 
compared to marama bean. However recent evidence (Wheeler et al., 2000) shows that 
plant species that are mycorrhizal can exhibit reduced (negative) 8 15N values in organs. 
But whether G. omativa is mycorrhizal or not, remains to be determined. It is however 
rep0l1ed that reference plants are generally the significant sources of error for isotope 
methods (dilution method and natural abundance method), largely as a result of temporal 
and spatial variation in D 15N signature of soil N pools (Danso et al., 1993). 
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Figure 5.2 shows the data for ~ concentration, N allocation, N content and 8 15N values of 
vines, branches and leaves. In general, the 8 15N of vine leaves as well as N concentration 
increased from bottom to the tip, resulting in greater N content in leaves closer to the vine 
tip. In contrast, the youngest leaves on branches showed lower N content compared to the 
older branch leaves (Fig. 5.2). The variation of o!SN between parts of a single plant may 
be due variously to ammonium or nitrate acquisition, (Evans et ai., 1996; Evans, 2001, 
preferential nitrate reduction in roots or shoots (Pate et al., 1993; Unkovich et al., 2000) 
and N2 fixation (Shearer et af., 1980). These data have implications for the choice of leaf 
selected for photosynthetic measurements as well as for rates of decomposition following 
leaf fall. Taken together, these data have provided no evidence that marama bean feeds 
from a different soil-N pool compared to associated non-legume species. The high N 
concentrations of marama bean plants must be due to mechanisms other than differential 
N-sourcing. 
Potential of marama bean as a new crop 
On average, wild marama bean plants can produce up to 23 pods per plant, of which 
about 41 % are double-seeded and 59% are single seeded (Table 5.2; Fig. 5.1). This 
contrast with earlier reports (NAS, 1979) that marama bean can produce up to 6 seeds per 
pod. These observations suggest that grain yield of marama bean has the potential to 
increase under agronomic conditions. However, because both grain and tuber are edible, 
a balance has to be struck between cultivating the plant for grain and for tubers. Data 
from a preliminary field study Crable 5.4) have shown that improved nutrient supply can 
increase tuber yields. As shown in Table 5.4, applying 20 and 40 kg N per hectare as 
KNO} or Ca-NH4N03 significantly increased tuber yields, whether measured as fresh 
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weights or dry weights. Supplying 20 and 40 kg N P per hectare as triple super 
phosphate also increased tuber fresh weight, clearly indicating that tuber yields of 
marama bean can be increased from improved agronomic practices such as Nand P 
supply. 
Besides tuber yields that increased with Nand P application, the concentrations of some 
micronutrients were also altered (Table 5.6). The tuber levels of eu, Zn, Mn, and Fe were 
generally increased by the combined application of 20 kg N as KN03 and 20 kg P as 
triple superphosphate. This bio-fortification of micronutrients in tubers has implications 
for improved human health when tubers are eaten as food. In addition to its dietary 
value, marama bean can also be used as a forage crop. As shown in Fig. 5.2, marama 
bean leaves have high N concentrations and therefore greater tissue content of crude 
protein. Cultivation of this legume as a crop will not only conserves and stabilizes sandy 
soils against erosion, but also serves as forage for game and livestock development. This 
is in addition to the value of the tubers as feed for animals and source of water for hunters 
and wildlife. The use of raw tubers both as food and source of water adds value to this 
African legume as an important species for defence during military activities. 
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Chapter 6: Accumulation and Partitioning of 15N03 - in 
Marama Bean Plants Grown under Glasshouse and 
Field Conditions: Probing for Mechanisms that 
Enhance N Nutrition in this Non-nodulating Legume 
6.1 Introduction 
Nitrogen isotopes have been used to successfully study nitrogen uptake, accumulation 
and allocation and distribution within plant parts (Friedrich and Schrader, 1979; 
Ingemarsson et ai., 1987a; Oscarson et ai., 1987; Schrader, 1978), and those findings 
show that rates of N uptake and accumulation can be highly variable depending on the 
stage of crop development. Understanding the processes that regulate N uptake, 
accumulation and distribution in crop plants is of major importance in increasing yields 
and improving grain quality, in addition to increasing N-use efficiency from improved N 
fertilization strategies. Under sUb-optimal N supply, N uptake by crops depends on its 
availability and distribution in the growth medium, as well as on root distribution (Gastal 
and Lemaire, 2002). Under ample N supply, however, the uptake is controlled by the 
plant's growth rate via internal regulation (Gastal and Lemaire, 2002). N uptake, and 
partitioning in crop plants also depend on the carbon allocation between organs as well as 
the N composition of those organs, which in turn depends on soil N and the internal N 
status of the species (Gastal and Lemaire, 2002). It is thus the uptake of N and its 
allocation between plant organs that regulate N accumulation in this plant species. 
Tolley-Henry and Raper (1986 b) tested the hypothesis that resupplying nitrogen after a 
period of nitrogen stress leads to restoration of the balance between root and shoot 
growth and nornlal functional activity in soybean plants. In their study, they showed that 
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reduced nitrogen was redistributed from the leaves into the stems and roots of continually 
nitrogen-stressed soybean plants. When nitrogen stress was relieved, the distribution of 
reduced nitrogen within the plant organs returned to levels similar to those of non-
stressed plants. 
Previous studies (see Chapters 4 and 5) have shown that marama bean can utilize both the 
N03' and NH/ forms ofN. It was also shown that marama bean does not source N from 
soil pools different from those of closely associated plant species in the same locality 
(Chapter 5). The aim of this study was to further explore the mechanisms by which 
marama bean accumulates high concentrations ofN as protein in leaves, grain and tubers. 
6.2 Materials and methods 
6.2.1 Application of lsN0 3" to marama bean plants grown under glasshouse 
conditions 
To study N allocation to organs, after N starvation, seeds of marama bean were planted 
on 12 December 2001 in PVC tubes containing a mixture of sand and vermiculite under 
glasshouse conditions and irrigated with de-ionized water. Three weeks after 
gennination, plants were supplied with 300 mL of modified Yl strength N- free Hoagland 
nutrient solution thrice a week. At four months of age, the plants were exposed to three 
N-treatments with 28 replicates. The treatments were 0, 2 and 5 mM 15NO)' (supplied as 
KN03 containing 2% 15N enrichment). The N treatments were started four months after 
gennination in order to exhaust cotyledon-N and thus deprive external N from the plants. 
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Plants were then iITigated 3 times a week with 300 mL of modified Y2 strength Hoagland 
nutrient solution containing the respective 15N03-concentrations (i.e. 0, 2 and 5 mM). 
6.2.2 Application of J5N0 3 - to marama bean plants under field conditions 
Four 82 days-old marama bean plants were chosen at random from the field experiment 
set up at a [ann in Stellenbosch , South Africa, on 31 December 2002 (see Chapter 5) and 
supplied with 1 L of20 mM KN03 containing 2 % lSN at 13HOO on 4 March 2003. 
6.2.3 Plant harvesting and processing 
Four subsequent destructive harvests were caITied out on glasshouse-grown marama 
plants. During each harvest seven plants were harvested from each treatment (0 mM ]\,1"03, 
2 mM or 5 mM 15NOJ). The first harvest was caITied out on 1 April 2002 at 14HOO, six 
hours after the first iITigation with 15NOJ- (6 h of absorption). Subsequent harvests were 
caITied out at 8:00 am on 3 April (48 h of absorption), 7 April (144 h of absorption) and 
13 April (288 h of absorption). Plants from the first and second harvests were lITigated 
only once with respective 15N03' concentrations, those from the third harvest three times, 
and those from the fourth harvest six times. 
Field-grown plants supplied with 1 L of 20 mM 15N03' in the field were harvested at 
15HOO on 7 March 2003 (74 h after 15NO]' application). Control plants from the field 
were also harvested for comparisons. 
Plant materials from both experiments were separated into leaves, stems and tubers and 
oven-dried at 60°C for 72 h. After recording dry weights, plant parts were ground to fine 
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powder for measurements of % N, atom % excess (A (Yo E) and ISN concentrations in 
tissues using an Integra carbon-nitrogen analyzer coupled to a continuous flow isotope 
ratio mass spectrometer (PDZEuropa, Northwich, Cheshire, UK). The standard used was 
ammonium sulfate at 0.36679 atom % ISN calibrated against IAEA Nl. Accumulation 
rate of 15N, ISN content and 15N concentration in marama bean organs were also 
calculated. 
6.3 Results 
6.3.1 ISN atom % excess and % N in marama bean organs grown in the glasshouse 
Atom % excess of 15N was significantly increased in tissues of marama bean plants 
supplied with 2 and 5 mM 15N0 3- compared to control (Table 6.1). The ISN enrichment 
was quite uniform in different organs of marama bean plants. 
Plants that received one irrigation level of 15NO]- harvested after 6 hand 48 h of 
absorption showed low atom % excess compared to those receiving 3 or 6 irrigation 
levels and harvested after 144 and 288 h of 15N03- absorption (Table 6.1). The interaction 
between 15N concentration and absorption time was significant for all plant organs 
supplied with 2 and 5 mM lSN03- harvested after 144 hand 288 h of absorption (Table 
6.1). 
Application of 5 mM 15N0 3- significantly increased leaf and stem %N compared to 
control (Table 6.1). Tuber %N was unaffected by 15N0 3 supply. Tissues of plants 
exposed to 15N0 3 for 6 h showed high %N than plants exposed to 15N03- for a longer 
period (Table 6.1). There was a decrease in %N with 15N03 absorption time observed 
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until at the 1441h h, after which the stem and tuber %N showed an increase again as 
observed in plants exposed to 15NOJ - for 288 h. The interaction between absorption time 
and 15N concentration was significant in stems and leaves, but not in tubers (Table 6.1). 
The highest %N was obtained for leaves of plants exposed to 5 mM 15NOJ- for 48 h. 
Percent N tended to be high in leaves than in stems and tubers (Table 6.1). 
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Table 6.1 Percent N and atom % excess in tissues of marama bean organs supplied with 0, 2 or 5 mM N0 1 " and harvested at different times after 
I 
feeding. Values followed by different letters within a column under each treatment are significantly different (P:S; 0.05). *Numbers in parentheses 
represent irrigation levels. 
ION concentration! Atom excess %N 
Abso!E!i9n time 
Stem Tuber Leaf Stem Tuber 
Main effects 
/.'iN cOllcentration 
OmM 0.368 ± O.OOOla 0.368 ± O.OOOla 0.368 ± 0.00 1 a 3.25 ± 0.06a 2.69 ± 0.28b 3.03 ± 0.19a 
2mM 0.405 ± 0.007b 0.416 ± O.OIOb 0.409 ± 0.009b 3.42 ± O.06a 2.09 ± O.l3a 2.58 ± 0.16a 
5mM 0.423 ± O.OOlc 0.406 ± O.OlOb 0.410 ± O.OlOb 3.72 ± 0.06b 3.10±0.17c 3.06±0.19a 
Harvest time 
6 (1)* 0.374 ± O.OOla 0.371 ± O.OOla 0.369 ± 0.003a 3.62 ± 0.06b 3.27 ± 0.20b 3.51 ± 0.20b 
48 (1) 0.381 ± 0.003a 0.379 ± 0.002a 0.377 ± 0.002a 3.59 ± 0.08b 2.43 ± 0.14a 2.63 ± O.l3a 
144 (3) 0.409 ± 0.007b 0.415 ± O.OIOb 0.411 ± O.OlOb 3.34 ± 0.05a 2.21±0.19a 2.20 ± O.15a 
288 (6) 0.430 ± 0.014c 0.420 ± 0.012b 0.426 0.014b 3.34 ± 0.04a 2.60 ± 0.22a 3.21 ± 0.24b 
Interactions 
OmM x 6h 0.368 ± O.OOOla 0.368 ± O.OOOla 0.368 ± O.OOOIa 3.46±0.11b 3.79 ± 0.36c 3.93 ± 0.29a 
o mM x 48h 0.368 ± O.OOOla 0.368 ± O.OOOla 0.368 O.OOOIa 3.33 ± 0.09ab 2.07 ± 0.06ab 2.49 ± 0.16a 
o 111M x 144h 0.368 ± O.OOOla 0.368 ± O.OOOla 0.368 ± O.OOOla 3.27 ± O.lOab 2.35 ± 0.23b 3.27 ± 0.25a 
o 111M x 288h 0.368 ± 0.OO08a 0.368 ± O.0005a 0.369 ± O.OOOla 3.06 ± O.13a 2.55 ± 0.33bc 3.42 ± 0.43a 
2 mM x 6h 0.372 O.OOlab 0.370 ± 0.002a 0.369 ± O.OOla 3.71 ± 0.07c 2.85 ± 0.20bc 3.36 ± 0.39a 
2 111M x 48h 0.379 ± O.OOlab 0.383 ± 0.006a 0.382 ± 0.004a 3.42 ± O.llb 2.16 ± 0.15ab 2.51 ± 0.29a 
2 111M x 144h 0.425 0.005c 0.464 ± 0.050c 0.446 ± O.Ollbc 3.36± O.lla 1.40 ± O.IOa 1.95 ± 0.l6a 
2 111M x 288h 0.444 ± 0.OI8c 0.445 ± 0.060c 0.441 ± 0.024bc 3.18±O.lOab 1.97 ± O.20ab 2.50 ± 0.2Ia 
5 mM x 6h 0.381 ± 0.002ab 0.376:±. 0.002a 0.370 ± 0.0004a 3.69±0.1Ibc 3.17 ± 0.38bc 3.25 ± 0.37a 
5 111M x48h 0.397 ± O.OOIb 0.387 ± 0.003ab 0.381 ± 0.OO2a 4.02 ± 0.07d 3.07 ± 0.23bc 2.90 ± 0.21a 
5 mM x 144h 0.433 ± 0.004c 0.413 ± 0.020b 0.418 ± 0.02Ib 3.40 ± 0.07b 2.89 ± 0.3Ibc 2.39 ± O.33a 
5 111M x 288h 0.479 0.060d 0.447 ± O.050c 0.469 ± 0.024c 3.78 0.14cd 3.27 0.43c 3.70 ± 0.44a 
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6.3.2 ISN Accumulation rate in glasshouse-grown marama bean plants 
The accumulation rate (llg.g DW-1h-1) in marama plants supplied with 2 and 5 mM 15N0 3-
was slightly increased at high 15N concentration, but not significant. Leaves showed high 
accumulation rate at both 15N concentrations unlike stems and tubers (Table 6.2). Plants 
exposed to 15N0 3- for 6 h showed high N accumulation rate in their tissues than those 
exposed for longer periods. Irrigating marama plants with more 15N03 did not increase 
tissue N accumulation rate as observed for plants that received 3 (exposed to l5N0 3- for 
144 h) and 6 irrigations (exposed to 15N03- for 288 h). 
At each 151\ concentration, N accumulation rate was highest in plants allowed 6 h of 
15N03 absorption and lowest in plants allowed 288 h of absorption (Table 6.2). 
6.3.3 15N content in glasshouse-grown marama bean plants 
When marama bean plants supplied with 2 or 5 mM l5N O)- were analyzed for 15N content 
in organs, leaves and stems showed high N content at high concentration than at low 
concentration, but the difference was only significant in stems (Table 6.3). Tuber lSN 
content on the other hand was high at low ISN concentration than at high 15N 
concentration (Table 6.3). Overall, 15N content was high in plants supplied with 2 mM 
(0.240 ± 0.01 mg I5N.plan(1) than those supplied with 5 mM 15N03- (0.208 ± 0.01 mg15N. 
planr l ). 
Tuber lSN content increased with the time of 15N 0 3- absorption and irrigation levels, but 
inconsistent results were obtained for leaves and stems (Table 6.3). On a whole plant 
basis, 15N content increased with time of absorption and/or irrigation (Table 6.3). 
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The interaction between 15N03 - concentration and absorption time was significant in 
leaves irrigated with 5 mM 15N03 - harvested after 144 h of absorption, whereas in tubers, 
it was significant after 288 h. On whole-plant basis, plants exposed for longer hours to 
showed high N content at both concentrations of 15N0 3- (Table 6.3). 
Table 6.2 Accumulation rates of 15;-.J in organs of marama bean organs supplied with 2 and 5 mM 
ISNO, and harvested at different times after !5N03 feeding. Values followed by different letters within 
a column under each treatment are significantly different (P :0:; 0.05). Numbers in parentheses represent 
ilTigation levels. 
15N C oncentrationl A I' 15N DW'! 1 ·1 ccumu ation rate p,g.g .1 
--"-- -----
Leaf Stem Tuber 
Main effects 
15NO; Concentration 
2m\!! 6.78a 5.00a 5.90a 
5l11yl 7.11a 5.92a 5.91a 
Harvest time (11) 
6 (1)* 23.2c 18.72c 20Ac 
48 (1) 3.01b 2.08b 2.14b 
144 (3) l.Ola O.64a O.64a 
288 (6) O.56a OAOa OA8a 
Interactions 
2 111M x 6 h 22.9c 17.6c 20.6c 
2 mM x 48 h 2.70b 1.69b 1.99b 
2 111M x 144 h O.99a OA5a O.60a 
2 mM x 288 h O.49a 0.30a 0.37a 
5 m\!! x 6 h 23.5c 19.9c 20.lc 
5 111M x 48 h 3.32b 2A7b 2.30b 
5mM x 144 h I.02a 0.83a O.68a 
5 111M x 288 h O.63a O.50a O.59a 
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Table 6.3 15N content in organs of mar am a bean plants supplied with 2 or 5 mM 15N03', and harvested 
at different times after 15NO) feeding. Values followed by different letters within a column under 
each treatment are significantly different (P :S 0.05). *Numbers in parentheses represent irrigation 
levels. 
15~ content (mg/organ) 
15 NO)' Concentration! 
Leaf Stem Tuber Total 
Absorption time (h) 
'bin effects 
15 NO.1'Concentration 
2mM 0.015 ± O.OOla 0.011 O.OOla 0.214±0.01b 0.240 ± O.Olb 
5mM 0.018 ± 0.004a 0.015 ± 0.001 b 0.175 ±O.Ola 0.208 ± O.Ola 
Harvest time (11) 
6 (1)* 0.016 ± O.OOlab 0.012 ± 0.001 0.172 ± O.OIOa 0.181 O.Ola 
48 (1) 0.012 ± O.OOla 0.012 ± 0.001 0.157 ± O.Ola 0.182 ± O.Ola 
144 (3) 0.023 ± 0.007b 0.014 ± 0.001 0.219 ± 0.02b 0.256 ± 0.02b 
288 (6) 0.015 ± O.OOlab 0.013 ± 0.002 0.229 ± 0.02b 0.258 ± 0.02b 
Interactions 
2 111M x 6 h 0.016 ± O.OOlab 0.012 ± 0.002 0.176 ± O.Ol7a 0.204 ± 0.018ab 
2 111M x48 h 0.013 O.OOla 0.012 ± 0.001 0.173 ±0.019a 0.198 ± 0.019a 
2 111M x 144 h 0.017 ± 0.002ab 0.011 ± 0.001 0.275 ± 0.032a 0.302 ± 0.031b 
2 mM x 288 h 0.014 ± 0.002a 0.011 ± 0.002 0.232 ± 0,023a 0.257 ± 0.022b 
5 111M x 6 h 0.015 ± O.OOla 0.014 ± 0.002 0.168 ± O.013ab 0.197 ± 0,014a 
5 111M x 48 h 0.012 ± 0.002a 0.012 ± 0.002 0.141 ±0.017a 0,165 ± 0.019a 
5mM x 144 h 0.029 ± 0.014b 0.017 ± 0.002 0.163 ± O.016ab 0.209 ± 0.0 14ab 
5 111M x 288 h 0,016 ± O.OOlab 0.016 ± 0.003 0.227 ± 0.035b 0.258 0.036b 
_ .. __ .. 
6.3.4 IS;"J concentration in glasshouse-grown marama bean plants 
The concentration of 15N (mg l5Kg DW- I ) was high in stems and tubers supplied with 5 
mM than with 2 mM ISN03 concentration, however, the difference was not significant in 
leaves (Table 6.4). At each 15N03- concentration leaves showed high ISN concentration 
than stem and tubers. Concentration of 15N in marama plant tissues was highest in plants 
harvested after 288 h of absorption and received the highest level of irrigation (Table 
6.4). The interaction between 15N03- concentration and absorption time showed high stem 
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and tuber 15N concentrations after 6 h of absorption and was also increased in leaves and 
tubers supplied with 5 mM 15N03- harvested after 288 h of absorption (Table 6.4). 
Table 6.4 Concentration of 15N in tissues of marama bean plants supplied with 2 or S mM 15NO} and 
harvested at different times after 15N03 feeding. Values followed by different letters within a column 
under each treatment are significantly different (P :; 0.05). *Numbers in parentheses represent 
irrigation levels. 
NO) Concentration/ lSN DW- I mg . '. g 
time Leaf Stem Tuber 
:\1ain effects 
I'N03--COllcelltration 
2mM 0.137 ± 0.003a 0.084 ± 0.004a 0.103 ± O.OOSa 
5mM 0.IS7 ± 0.004a 0.125 ± 0.006b 0.124 ± 0.008b 
Harvest time (11) 
6 (1 )* 0.139 ± 0.003a 0.112 ± 0.008ab 0.122 ± O.OlObc 
48 (1) 0.14S ± O.OOSa 0.100 ± 0.006ab 0.103 ± 0.006ab 
144 (3) 0.14S ± 0.003a 0.092 ± 0.006a 0.092 ± 0.006a 
288 (6) 0.161 ± 0.008b 0.114 ± O.OOSb 0.138 ± O.Olle 
Interactions 
2111\1 x 6 h 0.138 ± 0.003a 0.10S ± 0.007b 0.124 ± O.014b 
2 111M x 48 h 0.130 ± 0.004a 0.081 ± 0.006ab 0.095 ± O.Ollab 
2 m:v1 x 144h 0.143 ± O.OOSa 0.065 ± 0.006a 0.086 ± 0.006a 
2 mM x 288 h 0.142 O.008a 0.086 O.OOSab 0.108 ± O.OOSab 
5mMx6h 0.141 ±0.OO5a 0.119 ±0.OI4a 0.120 ± O.013a 
5 m:v1 x 48 h 0.160 0.003b 0.119 ±O.009a 0.110 ± 0.OO7a 
SmMx 144h 0.147 ± 0.003a 0.118 ±O.Olla 0.097 ± 0.011a 
5 111M x 288 h 0.180 ± 0.009b 0.143±0.014a 0.169 ± O.013b 
6.3.5 Atom % excess and %N in marama bean organs grown under field conditions 
Marama bean plants grown under field conditions showed significantly increased 15N 
atom % excess in their tissues when supplied with 20 mM of 15N03 (0.892 ± 0.09 and 
0.709 ± 0.06 A %E for shoots and tubers respectively) compared to control (0.368 ± 
0.0001 A% E) as shown in Table 6.5. 
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The %N in marama bean tissues varied between 4.14 ± 0.004 and 4.92 ± 0.11 %. It was 
always high in tubers than in shoots and was not affected by the supply of20 mM 15NO}-
Crable 6.5). 
Table 6.5 Percent 15N and atom % excess in marama bean plant organs supplied with 0 and 20 mM 
15N03 under field conditions. Values followed by different letters within a column are significantly 
different (P ::; 0.05). 
Atom % excess %N 
----------
l'N Concentration Shoots Tuber Shoots Tuber 
OmM 0.368 O.OOOla 0.368 ± O.OOOla 4.17 ± 0.21a 4.92 ± O.lla 
20mM 0.892 ± 0.09b 0.709 ± O.06b 4.14 ± 0.04a 4.61 ± O.4la 
6.3.6 Accumulation rate, content and concentration of 15N in marama bean plants 
under field conditions 
When marama plants were supplied with 20 mM 2% 15N03 under field conditions, the 
accumulation rate was slightly high in shoots (4.98 jLg.gDW-I. h-I) than in tubers (4.35 
jLg.gDW-I. h- I ), but the difference was not significant (Table 6.6). On the other hand, 15N 
content was high in tubers (0.478 ± 0.1 Omg.tuber- I ) than in shoots (0.286 ± 0.06 mg. 
shoorl) and the difference was significant (Table 6.6). The 15N concentration (mg.gDW-
I) in marama bean tissues behaved in a similar fashion as the accumulation rate, being 
slightly high in shoots than in tubers (Table 6.6). 
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Table 6.6 Accumulation rate, content and concentration of 15N in marama bean plants 
supplied with 20 mM 2% 15N0 3- under field conditions. Values followed by the same 
letters within a column are not significantly di fferent (P ~ 0.05). (-) = Not determined. 
15N 15N content 15N concentration 
Accumulation (mg15N.organ-1) (mg 15N .gDW-l) 
Plant organ 
(llg.gDW-l.h-l) 
Shoot 4.98a 0.286 ± 0.06 0.368 ± 0.07a 
Tuber 4.35a 0.478 ± 0.10 0.322 ± 0.02a 
Total 0.764 ± 0.16 
6.4 Discussion 
Supplying marama bean with 2 or 5 mM 15N0 3- each containing the same level of 15N in 
the glasshouse showed no differences in atom % excess of organs analysed, however they 
both differed significantly from zero (0 mM) 15N0 3- control (Table 6.1). 
When glasshouse-grown marama bean plants dependent on only seed-N for four months 
were supplied with different concentrations of 15N03- either as single dose or 3-6 
successive doses, different rates of 15N accumulation were observed for leaves, stems, 
and tubers. Although rates of accumulation were unaffected by 15N0 3 concentration, 
there were marked differences between harvests (Table 6.2). The 15N accumulation was 
highest within the first 6 h, followed by 48 h of exposure to single dose of 15N03 (Table 
6.2). Rates of 15N accumulation in organs markedly decreased with time even though the 
plants were supplied with 3-6 many times more 15NOJ than the first and second harvest. 
Interestingly, the 15N0 3- concentration x harvest time interaction was significant (P ~ 
0.05) and those data showed that 15N accumulation in leaves, stems and tubers was 
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highest within the first 6 h of supplying 2 or 5 mM 15N0 3- and the rate of storage in 
organs was the same for the two 15N0 3 concentrations (Table 6.2). The decrease of 15N 
accumulation with time could be due to saturation of organs with 15N. These results also 
suggest that multiple applications of N do not necessarily improve uptake and utilization 
of N. Table 6.3 shows the data for 15N accumulation and partitioning between organs of 
marama bean plants. The 15N content of stems and tubers (but not leaves) differed 
betweens the two 15N0 3- concentrations. Although leaves and stems were generally 
unaffected, the 15N content of tubers significantly (P :; 0.05) increased with time (dose) of 
15NO]- application (Table 6.3), leading to differences in 15N concentrations of organs 
(Table 6.4). 
Interestingly, plant total 15N content was greater at 2 mM than at 5 mM 15N03-, 
suggesting the ability of N-deprived marama bean to scavenge K from low N-sources for 
storage and subsequent use. Nevertheless, what was more intriguing is the fact that most 
of the assimilated 15N was stored in tubers than in leaves and stems. Late N application 
has been shown to result in greater N partitioning to perennial organs as compared to N 
taken up earlier in the season in forest trees (Millard, 1996; Sanchez et aI., 1991; 
Weinbaum et al., 1984). About 95 % of the 15N uptake at first harvest (Le. after 6 h 
exposure) was stored in tubers, with only 5 % allocated to leaves and stems. As shown in 
Table 6.3, 86-95 % of the 15N assimilated by marama bean plants was stored in tubers 
with the remaining 5-14 % deposited in leaves and stems. These results also showed that 
the reduction in nutrient solution N supply decreased the allocation of exogenous N to 
shoots. Consequently, the reduction of N supply resulted in preferential N allocation to 
tubers. This change in N partitioning in favour of roots under N stress agrees with 
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previous results observed in alfalfa (Meuriot et al.,2003; Fishbeck and Philips, 1981; 
MacDowall, 1983) and other legumes such as white clover (Davidson, 1969), or soybean 
(Rufty et aI., 1984) and in perennial grasses (Belanger et ai., 1992) . 
As with the data from glasshouse, field studies also showed that 15N partitioned to tubers 
represented 63 % of the total plant uptake, with only 37 % allocated to leaves and stems 
(Table 6.6). These 15N data suggest that efficient uptake of N and its accumulation in 
tubers is one mechanism by which marama builds an N reserve to support re-growth after 
drought and for production of protein- rich seeds. These findings therefore support the 
suggestion by Dakora et at. (1999) that the huge tubers fom1ed by marama bean probably 
function as a sink for N and water which are re-allocated to developing leaves and seeds 
during reproduction or periods of environmental fluctuations. Staswick (1994) argued 
that the effect of N availability during plant growth was related to altered source/sink 
relationships for N rather than having a direct regulatory role. 
Taken together, these studies shows that marama bean does not obtain its N from 
symbiotic fixation with soil rhizobia, nor from a source different from that utilized by 
associated plant species in the same site. However, marama bean efficiently scavenges N 
from low concentrations and rapidly builds a reserve in large tubers to serve as a buffer 
for the formation of protein-rich organs, including seeds. These adaptive responses to low 
soil N environments also allow marama bean to go dormant and perenniate, while 
awaiting more favourable conditions for shoot growth. 
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Chapter 7: General Discussion and Conclusions 
The data from this study showed that soils supporting growth of marama bean are very 
poor in nutrients, especially N, which is less than 0.06%), and organic matter below 
OAYYo. As a result, supplying Nand P significantly increased plant growth and tuber 
yield under both field and glasshouse conditions. This indicates that, despite the species 
adaptation to low-nutrient conditions, the application of mineral fertilizers to marama 
bean in an agricultural setting is likely to promote and increase tuber yield. This 
therefore offers a great opportunity for the tuber-producing grain legume to be 
domesticated as a new crop for the Khoisan people of Southern Africa, and perhaps a 
new market crop for the world. Waalvoord et al. (2003) reported that a large nitrate pool 
located deep (>1 m) heneath desert soils. This trend was not reflected in our results from 
soil analysis, however it should be acknowledged that desert subsoil nitrate inventories 
are spatially highly variable, thereby requires substantial measurement efforts to reduce 
uncertainty in global exatrapolations. 
In this study, it was shown that marama bean could utilize all forms of N at 
concentration studied for. Ammonium nutrition is known to depress plant growth as 
compared to nitrogen nutrition even at concentration lower than 2 mM (Chaillou et al., 
1986; Kirkby and Mengel, 1967; Kirkby, 1968). This phenomenon was not obtained with 
marama bean, showing its ability to efficiently use all forms of N at concentrations given. 
It is however, of utmost importance in future to test for the levels of ammonium at which 
it would become toxic to marama bean. It will also be necessary to test at what seedling 
stage marama bean would be most prone to ammonium toxicity and its effect on tuber 
sugar concentration. Schortemeyer et al. (1997) had reported that root concentration of 
87 
Un
ive
rsi
y o
f C
ap
e T
wn
water-soluble carbohydrates of maize hybrids Melga and Melina in the early seedling 
stage did not differ under ammonium and nitrate nutrition. These comparisons of relative 
value of ammonium and nitrate salt as N sources for crop growth are essential in the 
establishment of fertilization practices. The accumulation of carbohydrates at low Nand 
P supply in marama bean implies that nutrient deficiency limits the utilization of 
carbohydrates by the plant. 
In addition to its use as a food crop, marama bean could potentially be produced as 
fodder for game and livestock because of its high tissue N concentration and thus 
elevated crude protein content of leaves, vines, grain and tubers (Dakora ct ai., 1999). 
Although this high protein content of edible grain and tubers could suggest greater 
acquisition of N from sources such as biological N2 fixation, recent evidence shows that 
marama bean is not a symbiotic legume (Dakora et. aI, 1999). Thus the N acquired must 
come from another source. The use of ISN natural abundance also revealed that this 
legume does not source N from a different N-pool compared to other plants growing in 
the same locality, suggesting that it must be obtaining its N from the soil just like other 
plants in its sUlTounding. However, Sl5N values must be handled cautiously as they can 
be intluenced by other factors such as temporal and spatial variation in Sl5N signature of 
soil N pools (Danso et al., 1993) and mycolThizal association (Wheeler et al. 2000). 
Levels of isotopic enrichment depend dynamically on the stoichiometry of reactions as 
well as on specific abiotioc conditions. Thus, the olsN of a specific N pool is not a 
constant unchanging tracer. This fact together with analytical problems in measuring 
olSl\l" and the complexicity of the N cycle itself limit the influence of making inferenees 
based on observations of 15N abundance. Because of this complexity, Hogberg (1997) 
88 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
suggested that data on 8 15N can only be used alone when certain requirements are met, 
e.g. vv'hen a clearly discrete N sources in telms of amount and isotopic signatures are 
studied for. Nevertheless, alsN studies offer the advantage of giving insights into the N 
cycle vv'ithout disturbing the system by adding ISN tracer. 
Further experiments in this study involving 15N03- feeding showed that marama bean 
takes up more N at low N03- eoncentrations than at high NOJ - levels. Additionally, 65-
95% of 15N assimilated was stored in tubers, implying that the tuber acts as an N reserve 
for the fOlmation of new vegetative materials and for pod-filling. In fact, the ability of 
marama bean to thrive in nutrient-poor Kalahari sands seems to lie in its efficient 
nutrient-concentration mechanism. Because of the high protein content of marama bean 
tubers and grain, further research on this legume has great prospect of developing it into a 
new market crop for Africa. More field studies with many replicate sites in Namibia and 
Botswana, however, are needed to strengthen findings obtained from this study. I 
recommend that it is essential to carry out transplant experiments and determine a 15N 
values of soils at different depths in which marama bean grow in the field, in order to 
explain the source ofN used by marama bean in the field. 
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Appendices 
Appendix 1. Modified Hoagland N-Free Nutrient Solution (Hewitt, 1966) 
~~~~ ... ~-~ ... -~ .. ~-.. ~~ .. 
Reagents mohvt. Stock Full 112 114 118 1/16 1132 
(g/mol) solution strength strength strength strength strength strength 
(gil) (m\l60 I) (m\l60 I) (ml/60 I) (11111601) (1111160 J) (m1/60 I) 
- .... ~~~-.. .~~ .. .. -~ .. --.--.. -- . .. ~~-~-
MgS04. 7HcO 246.48 246.48 128 64 32 16 8 4 
CaCh 110.9 11l.0 128 64 32 16 8 4 
K,S04 174.27 87.14 128 64 32 16 8 4 
KH 2PO-l 136'()9 68.0 64 32 16 8 4 2 
K2HP04 174.18 87.1 64 32 16 8 4 2 
MnCI 2.4H 2O 197.91 0.724 64 32 16 8 4 ") .:;. 
ZNCI 2 136.28 0.11 64 32 16 8 4 2 
CuCl2- 2H20 170.48 0.07 64 32 16 8 4 2 
Na2MoO-l.2H]O 241.05 0.025 64 32 16 8 4 2 
CoClc.6H,O 237.95 0.06 64 32 16 8 4 2 
ILBO.; 61.83 5.72 64 32 16 8 4 2 
Sequestrene (138 
Fe) Fe chelate 256 128 64 32 16 8 
-~ ... -~-... . .. -~~ ... 
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Appendix 2 A. Soil pH levels, soil organic matter (SO~1) content and total % N in profiles of 
soils sampled from different sites in Namibia. Values (Mean ± SE, n = 3-4) \'iith the same letter 
within a colUl1m under each parameter are not significantly different (P < 0.05). 
Site 
Afarama beal/ soil 
Sandvcld Site 1 
Sandveld Site 2 
Sandveld Site 3 
Buitepos 
NOll-mamma beal/ 
soil 
Sandveld Site 4 
Soil depth (cm) 
o 40 
40-80 
80 - 120 
o 40 
40 - 80 
80 - 120 
o 40 
40 - 80 
80 - 120 
o 40 
40- 80 
80 - 120 
0-40 
40- 80 
80 120 
pIt 
5.83±0.15a 
5.47 ± 0.61a 
7.33 ± 0.38a 
5.18 0.15a 
4.98 ± 0.17a 
5.08±0.41a 
6.37 0.40a 
6.80 ± 0.98a 
7.53 ± 0.55a 
6.23 ± 1.08a 
5.40 1.1 Oa 
5.65 ± 0.99a 
6.60 ± 0.56a 
6.93 ± 0.67a 
7.83 ± 0.10a 
%N 
0.04 ± O.OOla 
0.04 ± O.OOla 
0.04 ± O.OOla 
0.03 ± 0.002a 
0.03 ± O.003a 
0.03 ± 0.002a 
0.04 ± 0.004a 
0.04 ± 0.0043 
0.04 ± 0.005a 
0.03 ± 0.002a 
0.03 ± O.003a 
0.03 ±O.002a 
0.05 ± 0.005a 
0.04 ± O.OOla 
0.04 ± 0.005a 
0.41 ± 0.05a 
0.34 ± 0.04a 
0.38 ± 0.03a 
0.39 ± 0.06a 
0.37 ± 0.06a 
0.35 ± 0.03a 
0.47 ± 0.03a 
0.43 ± 0.06a 
0.41 ± 0.03a 
0.31 ± 0.03a 
0.28 ± 0.06a 
0.33 0.07a 
0.57 ± 0.07a 
0.53 ± 0.15a 
0.66 ± 0.05a 
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Appendix 2 B. Soil pH levels, soil organic matter (SOM) content and total %N in profile 
of soil sampled from different sites in Botswana. Values (Mean SE, n = 3-4) with the 
same letter within a column under each parameter are not significantly different (P < 
0.05). 
-~.--.--.---.. ..-~ .. -.---.--.--
Site Soil depth (cm) pH °/t)N SOM (%) 
.. -~---.--- .. -~---.-~ .. --~-
ilfarama bean soil 
Charleshi II 0-40 5.57 ± 0.12a 0.02 ± 0.002a nd 
40 80 5.63±0.15a 0.02 ± 0.002a nd 
80 - 120 5.60 ± 0.06a 0.02 ± O.OOa nd 
Chobobvane 0 40 5.67 ± 0.29a 0.02 ± O.OOla nd 
40 ~ 80 4.77 ± O.27a 0.02 ± O.OOla nd 
80 120 4.70±0.31a 0.02 ± O.OOla nd 
Ghanzi 0-40 7.40 ± 0.38a 0.04 ± 0.002 nd 
40 - 80 7.40 ± 0.40a 0.05 ± 0.002a nd 
80 - 120 nd nd nd 
Groote Laagte Site 1 0 40 6.30 ± 0.25a 0.04 ± 0.007a nd 
40 80 6.03 ± 0.20a 0.03 ± 0.007a nd 
80 - 120 5.97±0.12a 0.04 ± 0.007a nd 
Makgobokgobo Site 1 0 40 5.15±0.03a 0.05 ± O.OOla 0.32 ± 0.05a 
40 -- 80 5.28 ± 0.05a 0.05 ± O.OOla 0.29 ± 0.03a 
80 - 120 5.30 ± 0.09a 0.05 ± 0.002a 0.28 ± 0.05a 
Xanagas 0 40 6.40 ± 0.34a 0.04 ± 0.003a nd 
40 - 80 5.83 ± 0.12a 0.04 ± 0.002a nd 
80 - 120 5.83 ± 0.43a 0.03 ± 0.002a nd 
Xhoga 0 40 5.67 ± 0.23a 0.05 ± 0.004a nd 
40 80 5.77 ± 0.38a 0.04 ± O.OOla nd 
80 - 120 5.90±0.31a 0.04 ± 0.002a nd 
NOIl-marama bea1l soil 
Groote Laagte SIte 2 0 40 5.23 ± 0.27a 0.04 ± O.OOla nd 
40 80 4.70 ± 0.03a 0.03 ± 0.002a nd 
80 - 120 4.73 ± 0.24a 0.03 ± 0.002a nd 
Makgobokgobo Site 2 0 40 4.03 ± 0.03a 0.03 ± 0.002a 0.07 ± 0.004a 
40 80 4.03 ± 0.03a 0.04 ± 0.002a 0.05 ± 0.003a 
80 - 120 4.07 ± 0.07a 0.03 O.OOla 0.03 ± 0.002a 
---.--~-------~---~--~~--~----.. 
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Appendix 2 D. :Vlacronutrients levels in marama bean and non-marama bean soils sampled at 
different soil depths from different locations in Botswana. Values (Mean ± SE) followed by the 
same letter within a column under each site are not significantly different (P ::;0.05). 
.~------------... -- . ~----~-------------
Macronutrient levels 
Site Soil depth (em) P Ca (me %) Mg (me %) K (mg/kg) 
-~--.---~- .. -~~ .. --~-.. ---.. --.. 
IltJarama bean soil 
Charleshill 0 40 2.00 ± O.OOb 1.26 0.07a 0.44 ± O.Ola 78.0 ± 2.52a 
40 80 1.00 ± O.OOa 1.41 ± 0.09a 0.47 ± O.Ola 79.7 ± 2.67a 
80 - 120 1.00 O.OOa 1.46 ± 0.04a 0.47 ± O.OOa 84.3 ± 4.84a 
Chobokwane 0 40 2.00 ± O.OOb 1.1O±0,18a 0.60 ± 0.04a 71.0±S.Sla 
40 - 80 1.33 ± 0.33ab 0.73 ± 0.1 Oa 0.55 ± 0.04a 66.0 ±3,OSa 
SO - 120 1.00 ± O.OOa 0.67 ± 0.14a 0.55 ± 0.04a 58.0 ± 6.56a 
Ghanzi o ·~40 7.67 ± 1.76a 4.64 ± 1.06a 0.54±0,12a 68.3 ± 4.IOa 
40 - 80 6.33 ± 2.40a 6.70 2.76a 0.56 ±0.14a 60.1 ± 3.06a 
SO - 120 nd nd nd nd 
Groote Laagte Site 1 0 40 2.00 ± O.OOa 1.66 ± O.OSa 1.64 ± 0, lOa SO,3 ± 1,07a 
40 SO 1.33 ± 0,33a 1.39 ± 0.07a 1.S3 0.11a 66.3 ± 4.S0a 
SO - 120 1.67 ± 0.33a 1.40 ± 0,07a 1.90 ±0.17a 69.3 ± S.70a 
Makgobokgobo Site 1 o ~40 1.00 ± O.OOa 1.36 ± 0.07a 0.60 ± 0.05a SO.7 ± 1.33a 
40 ~ .. SO 1.000 ± O,OOa 1.44 ± 0.07a 0.66 ± 0.03a 73.S ± 9.16a 
80 - 120 1.00 ± O.OOa I.SS ± 0.11 a 0.77 ± 0.04a 67.8 ± 11.9a 
Xanagas 0,··40 4.67 ± 0.33b 1.71 ± 0.32a 0.47 ± O.03a 80.7 I.4Sa 
40 - 80 1.67 ± 0.33a 1.33 ± 0.04a 0.50 ± 0.09a 67.0 ± 2.08a 
80 - 120 1.67 ± 0.33a 1.67 ± 0.45a 0.69 ± O.IOa 73.0 ± 2.0Sb 
Xhoga 0 40 2.67 ± 0.33b 3.79 ± 0.50a 0.S3 ± 0.14a 114±17.0b 
40 SO 1.67 ± 0.33a 4.24 ± O.72a 0.SJ±0.12a 74.0 ± 5.68a 
SO - 120 2.00 ± 0.2Sab 4.12±0.13a 0.80 ± O.lSa 69.3 ± 5.92b 
NOIl-marama beall soil 
Groote Laagte Site 2 0-40 1.00 ± O.OOa 0.85 ± O.OSa 0.58 ± 0.04a 50.0 ± 6.S6a 
40- SO 1.33 ± 0.33a 0.S6 ± 0.07a 0.56 ± 0.07a 50.0 ± 7.00a 
80 - 120 1.00 ± O.OOa 0.7S ± O.13a 0.S4 ± 0.04a 43.7 ± 5.36a 
Makgobokgobo Site 2 0 40 1.67 ± 0.33a 0.16±0.01a 0.30 ± O.OSa 49.0 ± 14.5a 
40·-80 1.00 ± O.OOa 0.16±0.0Ia 0.31 ± 0.04a 39.7± I.S6a 
80 - 120 1.00 O.OOa 0.15 ± O.Ola 0.34 ± O.OSa 39.3 4.4Sa 
.. -.-----.--~------.--~-----.. ~-----.. ~-.. ~-.. 
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Appendix 2. E Micronutrients levels in marama bean and non-marama bean soils sampled at 
different soil depths from different locations in Namibia. Values (Mean ± SE, 11 3-4) followed 
by the same letter within a column under each site are not significantly different (P ~0.05). 
Site Soil depth (cm) eLi (mglkg) Zn (mgikg) 
IIJarama beall soil 
Sandveld Site 1 0-40 0.38 ± 0.04a 0,99 ± 0.15a 62.9 ± 6.0b 18,6 0.40a 
40 80 0.42 ± O.Ola 0.83 ± 0.17a 33.8 5.1a 15.5 ± 0.45a 
80 - 120 1.04 ± O.OOb 2.72±0,21b 45.3 ± 4.5a 21.5 ± 1.15a 
Sandveld Site 2 0 40 0.21 ± 0.08a 1.27 ± 0.35b 34.5 ± 3.5a 12.4 ± 0.44a 
40 80 0.13 ± 0.03a 0.56 ± 0, 16a 27.4 ± 3.3a 12.1 0.70 a 
80 120 0.16 0.02a 0.78 ± 0.12ab 24.2 ± 3.3a 14.4 ± 2.33a 
Sand\'eld Site 3 0-40 0.26 ± O.OOa 0.46 ± 0.05a 60.4 ± 4.5c 26.3 ± 2.12b 
40 - 80 0.75 ± 0.08b 0.85±0.16b 42.9 ± l.Ob 26.3 ± 0.89b 
80 - 120 0.87 ± 0.20b 1.59 ± O.OOc 7.19±0.32a 10.1 ±0.41a 
Buitepos 0 40 0.25 ± 0.06a 0.82 ± 0.48a 20.5 ± 3.1a 13.7 1.52a 
40 80 0.15 ± 0.05a 0.54 0.09a 20.8 ± 2.2a 11.4 ± 1.25a 
80 - 120 0.17 ± O.03a 0.53 ± 0.28a 14.7 ± 1.2a 11.5 ± 0.89a 
NOIl-marama bean soil 
Sandveld Site 4 0 40 1.05 ± 0.04a 1.05 ± 0.19a 75.1±8.1c 31.7± 1.52b 
40 80 1.29 0.17 a 1.15 ± 0.54a 50.2 ± 6.3b 32.0±4,31b 
80 - 120 1.29 ± 0.23a 1.23 ± 0.45a 7.52 1.3 a 5.62 ± 0.93a 
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Appendix 2 F. Micronutrients levels in marama bean and non-marama bean soils sampled at 
different soil depths from different locations in Botswana. Values (Mean ± SE, n = 3-4) followed 
by the same letter within a column under each site are not significantly different (P sO. OS) . 
. ~-~-.--.-~--.-- .. - .. 
Micronutrient levels 
Site Soil depth (em) eu (mg/kg) Zn 
--.--.---.----------~~--.. -
iUarama bea/l soil 
Charleshi II 0 40 0.31 ± O.Ola 0.76 ± 0.17b 23.1 ± 0.9a 0.31 ± O.Ola 
40- 80 0.29 ± 0.04a 0.39 ± O.Ola 25.3 ± 1.0a 0.31 ± O.OOa 
80 120 0.31 ± 0.03a 0.48 ± 0.11ab 24.6 ± 1.2a 0.34 ± 0.03a 
Chobobvane 0· .. 40 0.23 ± 0.04a 0.76 ± 0.24ab 9.96 ± l.4b 0.28 ± O.Ola 
40- 80 0.18 ± 0.02a 1.13 ± 0.S4b 7.4S±2.1ab 0.33 ± 0.04a 
SO - 120 0.19 ± O.OOa 0.66 ± 0.15a 5.64 ± 1.6a 0.39 ± 0.07a 
Ghanzi 0 40 0.82 ± 0.14a 1.02 ± 0.35a 17.9±3.7a 0.36 ± O.Ola 
40 - 80 0.S9 ± 0.15a 0.70 0.07a 22.2 ± 4.4a 0.38 ± O.Ola 
80 - 120 nd nd nd nd 
Groote Laagte Site 1 0 40 0.27 ± 0.12a 1.19 ± 0.3Sa 19.4±1.7a 0.30 ± O.OOa 
40 - SO 0.26 0.09a 1.20 ± 0.50a lS.7±1.0a 0.30 ± O.Ola 
SO - 120 0.2S ± 0.c)2a O.SI ± O.27a 17.9 ± O.Sa 0.30 ± O.Ola 
rv1akgobokgobo Site 1 0-40 0.40 ± 0.04a 0.71 ± O.ISa 32.2 ± 2.6a 0.57 ± 0.07a 
40 SO 0.44 ± 0.03a 1.53 ± 0.61 b 32.4 ± 1. 7a 0.53 ± 0.04a 
80 - 120 0.42 ± 0.03a 1.24 ± 0.49ab 30.1 ± 2.3a 0.54 0.06a 
Xanagas 0-40 0.39 ± 0.02 a 0.63 ± 0.07a 17.3±1.5a 0.43 ± 0.02a 
40 - 80 0.34 ± 0.04a 0.49 ± 0.03a 19.9 ± 1.2a 0.42 ± O.Ola 
80 - 120 0.40 ± 0.03a 0.42 ± 0.05a 20.1 ± 2.3a 0.32 ± 0.10a 
Xhoga 0-40 0.77±0.15a 1.10 ± 0.S8a 64.8 ± 19.5a 0.43 ± 0.02a 
40 80 0.71 0.09a 1.29 ± O.OSa 69.1 ± 15.5a 0.42 ± O.Ola 
80 - 120 0.86 ± O.lla 0.77 ± 0.02 60.0 ± 14.0a 0.32 0.10a 
NOIl-marama beau soil 
Groote laagte Site 2 0 40 0.15 ± 0.04a 0.62 ± 0.09a S.52 ± 2.17a 0.30 ± O.Ola 
40 - 80 0.13 ±O.Ola 0.80 ± 0.24a 6.67 ± 1.42a 0.40 ± 0.07a 
SO - 120 0.15 ± 0.03a 0.57 ± 0.07a 5.43 ± 1.70a 0.24 ± 0.11a 
Makgobokgobo Site 2 0 40 0.37 ± 0.08a O.SI ± O.4Sb 8.63 ±1.50a 1.90 ±0.68a 
40- 80 0.40::t: 0.02a 0.45 ± 0.09ab 7.73 ± 0.55a 1.99 ± O.22a 
80 - 120 0.33 ± 0.05a 0.27 ± 0.07a 6.21 ± 1.49a 2.07 ± 0.22a 
.. ---.-----~ .. 
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